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COMPLEXES AND RESULTANT PROPERTIES 
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Major Professor: Linda H. Doerrer, Associate Professor of Chemistry 
ABSTRACT 
 The series of compounds {[Na(15C5)][PtM(SAc)4(NCS)] (M = Co, 1; Ni, 2; Zn, 
3) or {[Na(12C4)2][PtM(SAc)4(NCS)] (M = Co, 4; Ni, 5; Zn, 6; Mn, 7) was prepared and 
thoroughly characterized. Compounds 1-3 are discrete molecules in the solid state, while 
4-7 crystallize as ion-separated species. In contrast to monomeric 1-7, 
[PtCr(tba)4(NCS)]∞ (8) forms a quasi-1D coordination polymer comprising {PtCr}
+ 
lantern units and (NCS)- ligands connected in a zig-zag fashion. Solid state magnetic 
characterization of 8 reveals intra-chain ferromagnetic coupling between Cr(III) centers 
of J/kB = 1.7(4) K. 
 The series {[PtM(SAc)4(pyz)](pyz)}∞ (M = Co, 11; Ni, 12) and 
{[PtM(SAc)4]2(DABCO)}∞ (M = Co, 13; Ni, 14; Zn, 15) were also prepared. In the solid 
state 11 and 12 form linear chains with an unbound equivalent of pyrazine spacing the 
chains apart, while 13-15 form chains in which two lanterns bridged by one ligand are 
connected by Pt…Pt interactions between units. Initial studies reveal 11 displays slow 
magnetic relaxation in the solid state, while 13 and 14 show antiferromagnetic coupling 
through the Pt…Pt interactions (J = -10 cm-1 for 13, -32 cm-1 for 14). 
  xi 
 Two rare examples of lantern complexes featuring the vanadyl ion were prepared, 
[Pt(V=O)(SAc)4] (19) and [Pt(V=O)(tba)4] (20). Compound 19 crystallizes as a dimer 
with a close Pt…Pt interaction, while 20 forms a dimer with inter-lantern Pt…S 
interactions.  Solid state magnetic characterization for 19 displays antiferromagnetic 
coupling (J = -2.35 cm-1) through intermolecular nearest neighbor interactions. 
 A new monothiocarbamate backbone ligand was used to prepare 
{PtM(SOCpip)4(py)} (M = Co, 21; Ni, 22; Zn, 23; Mn, 24). The monothiocarbamate 
ligand donates more electron density into the lantern core than monothiocarboxylates. 
Compound 24 is the first crystallographically characterized {PtMn} lantern. 
 Two derivatives of Magnus’ Green Salt, Millon’s salt {[Cu(NH3)4][PtCl4]}∞ (25) 
and its Br analogue {[Cu(NH3)4][PtBr4]}∞ (26) were prepared and structurally 
characterized. The two crystallize as linear, quasi-1D chains with a repeating, alternating, 
Pt…Cu interaction, and both contain inter- and intra-chain hydrogen bonding. 
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CHAPTER 1. Design of 1D Coordination Polymers for Magnetic Applications 
 It has long been a goal of synthetic chemists to take advantage of the link between 
the structure of a material and its physical properties. This link is seen when considering 
the allotropes of carbon: graphite, diamond, lonsdaleite, amorphous carbon, carbon 
nanotubes, graphene, and various sizes of fullerenes. The differences between diamond 
and graphite make this especially clear. In diamond, the C atoms are all linked in a 
tetrahedral arrangement with each having sp3 hybridization, leading to what was thought 
to be the hardest known natural material until scientists showed in 2009 that wurtzite 
boron nitride and lonsdaleite were harder.1 In contrast to diamond, graphite has a 
structure made up of 2D layers of sp2 hybridized C atoms linked in a repeating trigonal 
planar geometry. This layered 3D structure results in a material that is soft enough to be 
used in pencils, breaking up with just the gentle pressure of writing. 
 The link between structure and properties is not only shown in hardness, it can 
also apply to other properties in phenomena that scientists have taken advantage of, 
including electronic conductivity and magnetism.  Magnets are included in just about 
every piece of modern technology, from the largest wind turbine to the smallest 
smartphone.  The continued miniaturization of devices demonstrates the need for 
increasingly smaller and stronger magnetic units.   
 In recent decades, synthetic chemists have accepted this challenge and pursued 
the design and synthesis of smaller magnets. In parallel, the world of physics has 
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investigated the theory behind interesting magnetic phenomena that will be discussed in 
this introduction.  The smallest possible magnet would theoretically be an atom, but a 
single atom does not necessarily have directionality to its magnetic moment, and is not 
easily connected to other components.  If a magnet is an individual molecule, the 
compounds created in this pursuit offer important technological applications, including 
high-density information storage, spintronics, and quantum computing.  In efforts to 
develop the relationship between structure and magnetism, two new classes of materials 
have emerged: single molecule magnets (SMMs) and single chain magnets (SCMs) that 
will be outlined in the following sections.  Whereas SMMs are individual molecules and 
therefore essentially 0D, SCMs are extended structures formed in a 1D array.  This 
distinction leads to important differences in the design and properties of the two groups.  
1.1. Single Molecule Magnets 
 Although the name may so indicate, the group of compounds termed SMMs does 
not comprise all magnetic molecules. To be classed as a SMM, a molecule must not just 
have a measureable magnetic moment, but also show slow magnetic relaxation, meaning 
that it retains magnetization after a magnetic field is removed.2 This slow relaxation 
occurs only at low temperatures when thermal energies cannot randomize the magnet’s 
orientation, below what is known as the blocking temperature, TB. In designing SMMs, a 
high spin value, S, is desired, and can be obtained through the use of clusters of multiple 
transition metals or through the use of lanthanides, which can have a higher number of 
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unpaired spins per metal atom (up to seven unpaired electrons compared to five for 
transition metals).3 In addition, a degree of magnetic anisotropy is desired to increase the 
barrier that prevents quantum tunneling of the spin, a primary mechanism for relaxation.  
Influences on magnetization dynamics include Orbach, Raman, direct, and phonon-
bottleneck-limited.4  This anisotropy barrier, Ueff, is proportional to both the spin S and 
the zero-field splitting parameter D, and these terms are related by the equation: 
𝑈𝑒𝑓𝑓 = 𝑆
2 ∗ |𝐷| 
in which S is unitless and Ueff and D have units of cm
-1.5  In multimetallic systems, the 
exchange coefficient J must also be considered because the energy of excited spin states 
is directly proportional to the magnitude of J, and a small J can enable fast relaxation 
through excited spin states.6 Thus, to increase the effectiveness of an SMM, a high spin 
and large zero-field splitting are desired, which, ideally, should lead to a higher TB.  A 
large Ueff does not necessarily mean that the TB will be increased in turn, especially in 
multimetallic systems.6 SMMs with very large anisotropy barriers have even been shown 
to not display any slow relaxation, resulting in an effective TB of 0 K.
7
 To date the 
composition, geometry, and spin state(s) that will optimize SMM performance cannot be 
predicted a priori.   
 When considering the possible pathways of magnetic relaxation in an SMM, we 
begin by considering a compound subjected to a magnetic field. Upon applying the field, 
the MS = -S state is populated, and after the field is removed, relaxation is defined as the 
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MS = +S state being repopulated. It is a goal of SMM design to eliminate quantum 
tunneling of this magnetization between the two MS extremes, removing one undesired 
relaxation mechanism.2 The desired pathway for relaxation, in which the MS = +S state is 
repopulated by a series of steps, is shown in Scheme 1.1. The possibility of quantum 
tunneling, in which the relaxation skips some of these steps, is illustrated in Scheme 1.2. 
 The early SMMs were discovered serendipitously. The first SMM, 
[Mn12O12(OBz)16(OH2)4], was reported by Christou in 1988.
8,9 The synthesis of the 
related, and more crystallographically symmetrical compound [Mn12O12(OAc)16(OH2)4], 
was initially reported in 1980,10 though the magnetic characterization wasn’t reported 
until 1991.11,12  The second compound has become known as Mn12 acetate and displays a 
blocking temperature of 2 K.  The crystal structure of Mn12 acetate is shown in Figure 
1.1.13 The spin states of the Mn12 core is shown in Figure 1.2.
14  
Chemists designing SMMs have used several techniques to prepare more effective 
SMMs. Some chemists have used S = ½ radical-containing ligands as a way to increase 
the spin and effectiveness of SMMs.6 The combination of a metal center and radical 
ligand can lead to very high J values, which help to increase Ueff by increasing the 
energetic separations among the excited spin states. Nitronyl nitroxides have often been 
used in this vein, as in the species [(dmpoNO)2Co]
2+.15-17 The crystal structure of this ion 
is shown in Figure 1.3. This compound features JCo-L = +63.8 cm
-1 and JL-L = +63.9   
cm-1, which leads to a Ueff value of 7.4 cm
-1.6 
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Scheme 1.1. The desired pathway for relaxation in a SMM.  a) The energy levels for spin 
state S in the absence of a magnetic field with the +S and –S states equally populated. b) 
The application of a magnetic field populates the MS = –S state. c) Upon removal of the 
field the MS = +S state is repopulated through a series of steps.  This scheme is 
reproduced from reference [2] without permission. 
 
 
Scheme 1.2. Illustration of quantum tunneling, in which the MS value changes directly 
from (as drawn) –S+3 to +S–3.  This scheme is reproduced without permission from 
reference [2].  
 
 
 
 
 
 
 
 
6 
 Others have used lanthanides to produce more effective SMMs, due to their 
higher possible spin per metal center and high magnetic anisotropy, primarily due to 
distribution of the 4f shell electrons, leading to higher zero-field splitting.5 In particular, 
the series of compounds [(Pc)2Ln]
- has been investigated thoroughly.18 An examples of 
the structure of this series is shown in Scheme 1.3. These compounds are sandwich 
complexes with two phthalocyanine (Pc) rings coordinated to a Ln (III) ion.   
 
Figure 1.1. Crystal structure of Mn12 acetate.  Reproduced without permission from 
reference [10].  
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Figure 1.2. Spin states of the Mn12 core.  The inner four blue spheres represent S = 3/2 
Mn(IV) centers while the eight outer red spheres represent S = 2 Mn(III) centers. 
Reproduced without permission from reference [11].  
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Figure 1.3. The crystal structure of [(dmpoNO)2Co]
2+. This figure is reproduced without 
permission from reference [4]. 
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Scheme 1.3.  (a) Structure of the phthalocyanine ligand.  (b) Structure of the series 
[(Pc)2Ln]
-.  Scheme reproduced without permission from reference [3].  
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1.2. Single Chain Magnets 
While SMMs are 0D magnetic materials, SCMs are an extended 1D version.  This 
structure consists of paramagnetic units that are covalently bound into an (effectively) 
infinite chain.  The paramagnetic centers may be metal ions and/or organic radicals. This 
highly anisotropic structure creates a new relationship that must be considered in the 
calculation of Ueff.  Each chain may be considered a single domain and the spins in the 
SCM are aligned, to a greater or less degree, with each other inside the domain walls.  
The communication inside these walls is described by the correlation energy, Δξ, which 
is an additional component, beyond that of the energy of the interaction of each 
paramagnetic center with the external magnetic field.  The addition of the correlation 
energy term leads to generally higher Ueff values than in SMMs.
19  The formation of these 
domain walls is diagrammed in Scheme 1.4.20 
 The mathematical basis for single chain magnets (SCMs) has been known for 
decades; their existence was first predicted in 1963 by Glauber.21 Despite this 
prognostication, experimental evidence would not be obtained for nearly another four 
decades, until the first SCM, [Co(hfac)2(NITPhOMe)]∞ (discussed in greater detail 
below), was prepared in 2001.22 SCMs are characterized by their high magnetic 
relaxation barriers, slow magnetic relaxation, and magnetic hysteresis below the blocking 
temperature, TB.
21-23 The mechanism for magnetic relaxation in SCMs is the exchange 
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interaction between spin carriers as opposed to the mechanism in SMMs discussed 
above.23  
 The preparation of SCMs requires three features to achieve slow relaxation: 1) a 
paramagnetic ground state, 2) a magnetically isolated chain with limited 2D or 3D 
interactions, and 3) an individual magnetic unit with uniaxial magnetic anisotropy.24 A  
 
 
 
Scheme 1.4. Formation of a domain wall in a single-chain magnet. Within the domain 
wall, the spins are related by the correlation energy Δξ, which increases the Ueff values. 
Reproduced from reference [18] without permission.  
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visual of the desired features is shown in Scheme 1.5. This anisotropy is added by careful 
choice of the spin carrier and by linking metal ions with uniaxial magnetic anisotropy, 
such as Co(II), Mn(III), or Dy(III) into quasi-1D chains. Some of the ligands used in 
SCMs are shown in Scheme 1.6. The first SCM, [Co(hfac)2(NITPhOMe)]∞, was 
composed of Co(II) ions bridged by the radical ligand NITPhOMe (NITPhOMe=4'-
methoxy-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide), with hexafluoro-
acetylacetonate (hfac) ligands serving as spacers to separate the individual chains.22,25 
This type of SCM, in which the ligand acts as an additional spin carrier beyond that of the 
metal spin, has become known as a “heterospin” SCM.24,26   
 
 
Scheme 1.5. Schematic of the desired features for a SCM, including magnetically 
anisotropic metal centers linked into a quasi-1D array with strong intra-chain and limited 
inter-chain interactions. 
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 Among these heterospin SCMs, two subdivisions are known, and examples 
diagrammed in Figure 1.4. First, as in the case of [Co(hfac)2(NITPhOMe)]∞, are the 
homometallic SCMs, in which the same metal center is bridged by organoradical ligands 
including nitronylnitroxides,22,24-26 TCNQ,27 or TCNQ derivatives.28  Second, there are 
also heterometallic SCMs, in which two different metals are linked by closed-shell 
cyanide,29,30 oxalate,31 or oxamate32,33 ligands.  An example of these heterometallic SCMs 
is seen in {[Fe(bpy)(CN)4]2[Co(H2O)2]·4 H2O}∞.
29 
 
 
Scheme 1.6. Examples of bridging ligands used in SCMs.  
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 After the advent of heterospin SCMs, SCMs in which there is only a single spin 
carrier were developed. The first homospin SCM, [Co(bt)(N3)2]∞, was reported in 2003,
34 
in which Co (II) centers are bridged by two 1,1-azide ligands, with the bt (2,2’-
bithiazoline) ligand spacing the chains apart.  Another example, {Co(4-Me-C6H4-CH2N-
(CPO3H2)2)(H2O)}∞ utilizes the diphosphonate ligand, which acts as both a bridging 
ligand and a spacer due to its bulk.23  
 One method for designing SCMs is to design an individual building block that can 
act as a SMM by showing slow magnetic relaxation, and coordinate these into 1D arrays 
with a second, linking building block that can be tailored independently.24,26 The linking 
ligand must be able to bind in an extended fashion facilitate magnetic interaction. The 
design of easily prepared, easily tuned building blocks could lead to faster progress in 
SCM property optimization. The Doerrer group’s asymmetric thiocarboxylate-based 
lantern complexes, shown in Scheme 1.7, are readily prepared and can be modified to 
feature a variety of metals, backbones, and bridging ligands.   
 
 
 
 
 
 
 
 
15 
 
Figure 1.4.  Crystal structures of selected SCM compounds.  Figures reproduced without 
permission from references [24] and [32].  
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Scheme 1.7. Schematic of a generic thiocarboxylate lantern, indicating areas where 
modifications have occurred. 
 
1.3.{PtM} Lantern Complexes 
Significant progress has been made in preparing and characterizing this family of 
compounds since the first publication in 2012.35 A variety of compounds have been 
prepared with a series of terminal ligands, and several of these compounds show 
interesting magnetic or structural properties, which will be elaborated upon in this 
section.36 In addition, the ability to coordinate these compounds into 1D arrays has been 
demonstrated.37  The full breakdown of structural motifs in these lantern complexes is 
summarize in Scheme 1.8, including an additional distinction that is elaborated upon in 
Chapter 2. 
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Scheme 1.8. Summary of structural motifs seen in {PtM} lantern complexes.  
Reproduced with modifications from reference [34] with the authors’ permission. 
1.3.1 Synthetic Strategies for [PtM(SOCR)4(L)] 
 Regardless of the desired identity of L, the first step in preparing these lantern 
complexes is by generating the [PtM(SOCR4)(OH2)] species. The general strategy 
towards these compounds begins with a commercially available thiocarboxylic acid, 
HSOCR [R = Ph, thiobenzoic acid (Htba); R = CH3, thioacetic acid (SAc)]. This 
thiocarboxylic acid is dissolved in water and deprotonated with a slight excess of 
NaHCO3. After allowing this mixture to react, a sample of K2PtCl4 is added and allowed 
to react, forming the species [Pt(SOCR)4]
2+. After this species has formed the metal salt 
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MX2 is added and the product [PtM(SOCR4)(OH2)] precipitates. To substitute the axial 
ligand L, the [PtM(SOCR4)(OH2)] species is dissolved in an organic solvent (usually 
acetone), and the desired L group is added. 
1.3.2. [PtM(SOCR)4(OH2)] Lanterns 
 The earliest compounds prepared in this family were those in the series 
[PtM(SOCR)4(OH2)] (R= Ph, M = Fe, Co, Ni; R=CH3, M = Co, Ni, Zn).
35,36,38 The 
resulting compounds were fully characterized including UV-vis-NIR spectroscopy, 
SQUID magnetometry, and single crystal X-ray diffraction.  The crystal structures 
revealed two unique structural motifs (Scheme 1.8 A and D), which were shown to result 
in distinct magnetic behaviors in the solid state.  In solution, all compounds act as 
isolated, high-spin M(II) centers.  
[PtFe(tba)4(OH2)] (Scheme 1.8 D) crystallizes as a dimer with itself in what is 
designated the square configuration.35,39  In this structural motif, there is a close 
interaction between the Pt atom in one lantern and a thiocarbocylate S atom from an 
adjacent lantern.  This interaction is reciprocated by the Pt in the adjacent lantern and a 
thiocarboxylate S in the original molecule, forming a Pt2S2 square.  In the case of 
[PtFe(tba)4(OH2)], this interaction manifests two crystallographically identical 
intermolecular Pt…S distances of 3.2596(9) Å.  Despite this interaction, the solid state 
magnetic behavior of this compound is consistent with isolated high-spin Fe(II) centers, 
with no coupling between lanterns.  The χMT value was 3.24 emu K mol
-1 at 295 K, and 
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decreases gradually as the temperature is lowered, until the temperature reaches 35 K.  At 
this point, the χMT begins to decrease more quickly due to zero-field splitting. The data 
was fit using the Hamiltonian: 
?̂? = ∑𝐷𝑖 [𝑆𝑧,𝑖
2 −
1
3𝑆𝑖(𝑆𝑖 + 1)
+
𝐸𝑖
𝑆𝑥,𝑖
2 − 𝑆𝑦,𝑖
2 ] + ∑𝑔𝛽𝑆𝑖
⃑⃑⃑  ∙ ?⃑?  
yielding parameters g = 1.995, |D| = 6.399 cm-1, TIP = 8.965 x 10-4 emu mol-1 and a 
mean field correction of -0.8273 cm-1.35  
 In contrast, [PtNi(tba)4(OH2)] (Scheme 1.8 A) forms a different sort of dimer in 
the solid state with a short, unbridged Pt…Pt interaction. The thiocarboxylate ligands on 
each lantern are staggered relative to the other lantern, and thus this structural motif was 
termed the staggered conformation.  In [PtNi(tba)4(OH2)] the Pt
…Pt distance is 3.0823(4) 
Å.  Unlike the case with M = Fe, the solid-state magnetic behavior of this compound 
includes significant antiferromagnetic coupling across the metallophilic interaction. 
When modeled as a dimer, χMT at 295 K is 1.81 emu K mol
-1, which is consistent with 
two magnetically isolated Ni(II) centers.  Upon cooling, χMT decreases consistently until 
reaching a plateau at 0.02 emu K mol-1 at 25 K, demonstrating antiferromagnetic 
coupling of the two S = 1 centers.  Fitting the data to the Hamiltonian: 
?̂? = −2𝐽(𝑆𝐴 ∙ 𝑆𝐵) 
yields the parameters J  = -60 cm-1, g1 = g2 = 2.187, and TIP = 1.22 x 10
-3
 emu mol
-1.35 
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 In the case of [PtCo(tba)4(OH2)], both square and staggered structures (Scheme 
1.8 A and D) are obtained from different recrystallization solvents (CH2Cl2 and THF, 
respectively), and act similarly to the Fe and Ni cases, respectively. In the square case, 
the compound is treated as a monomer and fitting results in the parameters g = 2.18, TIP 
= 2.49 x 10-3 emu mol-1 and a mean field correction of -4.3 cm-1.  For the staggered 
geometry, as in the Ni case, the compound is treated as a dimer and fitting using the same 
Hamiltonian results in J  = -10.8 cm-1, g1 = g2 = 2.15, and TIP = 3.47 x 10
-3
 emu mol
-1.35 
 In the case of [PtM(SAc)4(OH2)] (M = Co, Ni, Zn), the same staggered geometry 
as described above with the thiobenzoate ligand is observed.38 These compounds show 
the same antiferromagnetic coupling that was previously seen, with coupling constants of 
J = -12.7 cm-1 (Co) and J = -50.8 cm-1 (Ni). These are roughly 17 % different when 
compared to their tba analogues, though the coupling is increased when M = Co and 
decreased when M = Ni. There is no correlation between the magnitude of 
antiferromagnetic coupling and Pt…Pt intradimer distance.38   
 Two pathways for the electronic communication and coupling were evaluated.  
Initially a pathway through intermolecular hydrogen bonding interactions was considered 
but was dismissed for two reasons.  First, the hydrogen bonding pathway exists in the 
square conformation, but no coupling is seen in those compounds, and second, the 
compound with the highest antiferromagnetic coupling, [PtNi(tba)4(OH2)], has the fewest 
hydrogen bonding interactions.  The other pathway considered was through the Pt…Pt 
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contact, and was supported by DFT calculations indicating unpaired electron density in 
the orbital formed by the overlap of the dz
2
 orbitals on Pt and the 3d metal.35,38  
1.3.3. [PtM(SOCR)4(py)] and Related Lanterns with Substituted Pyridine Ligands 
 To investigate the effect of the terminal ligand on the magnetic exchange, three 
series of compounds were prepared with pyridine and pyridine derivatives with electron 
donating (NH2) or electron withdrawing (NO2) functional groups.
38,39 
 The series [PtM(SAc)4(NO2-py)] (M = Co, Zn) possesses a new geometry in 
which there is a slightly longer Pt…Pt interaction than in the staggered geometry, and one 
S…S interaction between thiocarboxylate ligands on adjacent.  This structural motif is 
known as the partially eclipsed geometry, as shown in Scheme 1.8 C. The compound 
[PtNi(SAc)4(NO2-py)] was also prepared, though it retained the staggered geometry 
(Scheme 1.8 A).38   
The magnetic properties of the paramagnetic NO2-py-containing compounds were 
determined.  In all each case, the solution magnetic susceptibility was consistent with 
isolated high-spin M(II) centers. When compared to the compounds with L = OH2, the 
coupling is significantly weaker.  The antiferromagnetic exchange has a coupling 
constant of J = -6.0 cm-1 (Co) and J = -12.6 cm-1 (Ni).38   
The series [PtM(SAc)4(pyNH2)] (M = Co, Ni, Zn) was prepared, which 
crystallizes in the square conformation.39 Reactions with pyridine revealed an interesting 
new structural motif in [(py)PtM(SAc)4(py)], which features a six-coordinate octahedral 
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Pt (II).39 This series is discussed further in the next section.  These compounds can be 
heated to selectively remove the Pt-coordinated pyridine, forming [PtM(SAc)4(py)].  
Solution-phase and solid state magnetic measurements were performed on these two 
series, and all four paramagnetic compounds act as isolated high-spin Co(II) or Ni(II) 
centers.  
1.3.4. Quasi-1D Structures 
As mentioned in the previous section, the series [(py)PtM(SAc)4(py)] (M = Co, 
Ni, Zn) is unusual due to the presence of a six-coordinate Pt(II) center. A coordination 
number of six is common for Pt(IV) and has been observed in lantern complexes 
featuring Pt(III),40-43 but is quite rare for Pt(II).44-48  It was hypothesized that this unusual 
structure could be utilized to prepare quasi-1D (quasi due to the 3D volume of the 
molecule) assemblies by adding a bidentate bridging ligand to the 3d metal site so that 
one binding site is bound to the 3d metal center and the other is bound to Pt. Pyrazine 
was chosen as a suitable bridging ligand due to its similarity to pyridine and potential to 
facilitate electronic communication. 
 When one pyrazine unit is combined with two lantern species, the tetrametallic 
compounds {[PtM(SAc)4]2(pyz)} (M = Co, Ni, Zn) were prepared and thoroughly 
characterized.37 These compounds are discrete, dimeric molecular species and no chain is 
formed. In this series, there is no pyrazine bound to the Pt center in either lantern unit. 
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These compounds were shown to display antiferromagnetic coupling in the solid state 
across the pyrazine bridge. For M = Ni, when modeled with the Hamiltonian: 
?̂? = −2𝐽(𝑆𝐴 ∙ 𝑆𝐵) 
the antiferromagnetic coupling constant J = -7.1 cm-1 was found.37 
 By reacting the [PtM(SAc)4(OH2)] series with excess pyrazine,  
[PtM(SAc)4(pyz)]∞ (M = Co, 9; Ni, 10; Zn) is obtained.
37  These compounds form quasi-
1D arrays in the solid state with pyrazine bridging the 3d metal M on one lantern with the 
Pt atom on an adjacent lantern unit.  Structurally, the M-Npyz distance is quite typical, 
while the Pt-Npyz distance is extended by approximately 0.5 Å from a typical Pt(II)-Npyz 
bond in square planar compounds. This Pt…Npyz interaction was shown by 
1H-NMR 
experiments to not persist in solution.37  The current magnetic characterization of this 
series is discussed in Chapter 3 of this thesis. 
 In addition to the {PtM} based quasi-1D materials, a series of compounds of the 
type [Ni2(SOCR)4(L)]∞ (R = CH3, Ph; L = pyz, DABCO) have been prepared.  Each of 
these features a homoleptic {NiO4}-{NiS4} coordination and form quasi-1D arrays in the 
solid state.  When modeled as 1D chains, these compounds display only very weak  
(J = -0.1 cm-1) antiferromagnetic coupling.49 
Upon beginning the research detailed in this thesis, the only quasi-1D materials in 
this family were the [PtM(SAc)4(pyz)]∞ series. In addition to the work included herein, I 
have been involved in an advisory capacity in the preparation of the [Ni2(SOCR)4(L)]∞ 
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compounds49 described above and in the preparation and characterization of the lantern 
precursor {[PPh]4[Pt(SAc)4]}.
50 
In this thesis, several novel contributions to this family of compounds will be 
discussed. First, the use of asymmetric bridging ligands to form quasi-1D chains of 
thiocarboxylate lantern complexes is reported for the first time.  A series of compounds 
featuring the asymmetric ligand isothiocyanate will be detailed in Chapter 2, including 
the quasi-1D chain [PtCr(tba)4(NCS)]∞, which also represents the first example in this 
family with a M(III) center.  Chapter 3 includes an expanded series of quasi-1D chain 
compounds with symmetric ligands, including pyrazine and DABCO. In addition, this 
chapter features 1D chains with different structural motifs, and preliminary magnetic 
studies for these chains.  In Chapter 4, the heterobimetallic pairings are expanded to 
include an early transition metal in the +4 oxidation state.  This chapter presents the 
thorough characterization of two compounds featuring the vanadyl (V=O)2+ ion. Chapter 
5 includes the expansion of this family beyond thiocarboxylates as a backbone ligand, 
including the series [PtM(SOCpip)4(py)], which features a thiocarbamate backbone 
ligand. This chapter also features the first crystallographically characterized {PtMn} 
lantern complex. Chapter 6 contains a different type of 1D material, based on the Magnus 
Green Salt (MGS) type structure, [Pt(NH3)4][PtCl4]. A {PtCu} analogue of MGS, 
[Cu(NH3)4][PtCl4], was reinvestigated and its Br analogue, [Cu(NH3)4][PtBr4], was 
prepared and structurally characterized. 
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CHAPTER 2. Thiocyanate-Ligated Heterobimetallic {PtM}Complexes Including a 
Ferromagnetically-Coupled 1D Coordination Polymer  
2.1. Introduction 
Synthetic chemists have long had the goal of preparing compounds that assemble 
into one-dimensional (1D) or quasi-1D geometries owing to their projected electronic 
conductivity
51,52
 and magnetic properties.
53
 Examples of 1D geometries can be seen in 
coordination polymers, which consist of a repeating coordination environment that 
extends unidirectionally (in the case of 1D chains) or multidirectionally (in the case of 
2D/3D networks).
54
 Similar to 1D and quasi 1D arrays, coordination polymers have 
received attention for their potential as electrical conductors
55,56
 or semiconductors
57
 and 
for their magnetic properties.
56,58
 
 
To direct an exclusively 1D assembly requires the use of thoughtfully designed, 
anisotropic building blocks.  A building block with a heterobimetallic core {MM’} is 
inherently asymmetric and, when surrounded by the appropriate ligands, could also give 
rise to asymmetric electronic and/or magnetic properties as well.  Previously, the Doerrer 
group has prepared a series of heterobimetallic lantern complexes [PtM(SOCR)4(L)], 
consisting of Pt and a 3d metal M linked by four thiocarboxylate groups, relying on hard-
soft acid-base interactions to ensure homoleptic {PtS4}-{MO4} coordination, and isolated 
with an axial ligand, L, bound to M.
35,38,39
  We have previously reported compounds with 
M=Fe, Co, Ni, Zn. These compounds had terminal ligands L such as pyridine, 
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monosubstituted pyridine derivatives, and donating solvents (H2O, DMSO, DMF).  Other 
research groups have also made extensive use of asymmetric
59
 and hard-soft donor 
ligands
60-62
 to bind two different metals regioselectively and in close quarters.  
Heterobimetallic thiocarboxylate compounds with different stoichiometries have been 
developed as binary or ternary metal sulfide precursors.
63-65
   
In order to organize these lantern units into extended geometries, we sought an 
asymmetric, hard-soft ambidentate and/or bridging candidate L that would link these 
lanterns in a pseudo-1D array. Thiocyanate has previously been shown to bridge metal 
centers into 1D,
66-71
 2D,
72-76
 and 3D
77-80
 arrays and has been used as a terminal axial 
ligand for both lantern complexes, including homometallic Cr
81
 and Ru
82,83
 cores, a 
trinuclear {FeCr2} species,
84
 and extended metal atom chains (EMACs).
85-95
 The same 
hard-soft interactions that ensure homoleptic coordination in our lantern complexes 
should facilitate directional binding in a 1D system, with the harder 3d metal favoring 
coordination to N and the softer Pt favoring coordination to S, producing a repeating 
{PtM-NCS} unit. Recently two monothiocarboxylate lantern compounds related by a 
redox couple and ligand rearrangement, namely (PPN)[PtNi(tba)4Cl] (PPN = 
bis(triphenylphosphine)iminium; tba = thiobenzoate) and [ClPtNi(tba)4(OH2)], were 
studied.
96
 Electrochemical oxidation of the former did not allow formation of a {PtNiCl} 
chain because the Cl ligand migrated to Pt, while Ni remained five coordinate by 
coordinating one H2O ligand.   
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This chapter describes the synthesis and characterization of eight isothiocyanate 
ligated heterobimetallic lantern complexes, including the first example of a Pt-Mn lantern 
complex, a rare example of an isothiocyanate-bridging lantern complex,
97
 and the first 
example of isothiocyanate bridges between Cr and Pt in any structure. The {PtCr(NCS)}-
containing compound exhibits a heterobimetallic mixed-valent chain. Together these 
structures demonstrate the importance of electrostatic effects in the assembly of quasi-1D 
chains, as well as the more subtle influence of relative electron density in building blocks 
and the relative geometries observed in {PtM} dimerization.
98 
 
2.2. Experimental 
2.2.1. Materials and Methods 
Potassium tetrachloroplatinate (K2PtCl4) was prepared by a series of literature 
procedures: platinum metal was dissolved in aqua regia to yield hexachloroplatinic acid 
(H2PtCl6),
99
 which was converted to potassium hexachloroplatinate (K2PtCl6) by a cation 
exchange,
100
 followed by reduction of K2PtCl6 to K2PtCl4 with hydrazine.
101
 
[PtM(SAc)4(OH2)], (M=Co, Ni, Zn), were prepared by a previously reported method.
38
 
Other reagents were obtained commercially and used without further purification. 
Elemental analyses were performed by Atlantic Microlab Inc. (Norcross, GA). UV-vis-
NIR spectra were measured with a Shimadzu UV-3600 spectrometer. Diffuse reflectance 
UV-vis-NIR spectra were collected using a Harrick Praying Mantis attachment and were 
analyzed using the Kubelka Munk transformation.
102,103
 IR spectra were collected on a 
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Nicolet FT-IR with an ATR attachment.  
1
H- and 
13
C{
1
H}-NMR spectra measurements 
were recorded on a Varian 500 MHz spectrometer.   
2.2.2. Synthetic Procedures 
[{Na(15C5)}{PtCo(SAc)4(NCS)}]·CH2Cl2 (1). A portion of freshly prepared 
[PtCo(SAc)4(OH2)] (137.9 mg, 0.241 mmol) was dissolved in ~10 mL acetone.  
Separately, a portion of NaSCN (19.5 mg, 0.241 mmol) and 15-crown-5 (43.4 μL, 0.217 
mmol) were dissolved in ~3 mL acetone, and added to the above solution with stirring.  A 
deep blue/purple color appears immediately.  The solution was stirred for 24 h at room 
temperature.  The acetone was removed on a Schlenk line, and the solid was triturated 3x 
with hexanes, yielding a light purple powder (159.0 mg, 77.1%).  Blue crystals suitable 
for X-ray analysis were grown by layering a concentrated solution in CH2Cl2 with 
hexanes.  Anal. Calc’d. for PtCoNaC19H32O9S5N: C, 26.67; H, 3.77; N, 1.64.  Found: C, 
26.58; H, 3.70; N, 1.73.  UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1
 M
-1
)): 258 (22200), 
510 (106), 530 (82), 578 (59), 609 (61), 1372 (12). eff (Evans method, CH2Cl2): 5.00.  
IR (cm
-1
): 2102 s, 1569 s, 1351 m, 1138 s, 1110 s, 1095 s, 952 m, 695 m.  
[{Na(15C5)}{PtNi(SAc)4(NCS)}]·CH2Cl2 (2). To obtain 2, [PtNi(SAc)4(OH2)] 
(137.9 mg, 0.241 mmol) was substituted in place of [PtCo(SAc)4(OH2)] in the synthesis 
of 1, with NaSCN (19.5 mg, 0.241 mmol) and 15-crown-5 (43.4 μL, 0.217 mmol), 
yielding a green powder (95.8 mg, 46.5%).  Green crystals suitable for X-ray analysis 
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were grown from CH2Cl2/hexanes.  Anal. Calc’d. for PtNiNaC19H32O9S5N·CH2Cl2: C, 
25.54; H, 3.64; N, 1.49.  Found: C, 25.76; H, 3.50; N, 1.48.  UV-vis-NIR (CH2Cl2) (λmax, 
nm (εM, cm
-1
 M
-1)): 259 (16500), 712 (12), 812sh (7), 1310 (13). μeff (Evans method, 
CH2Cl2): 3.05.  IR (cm
-1
):  2903 (br), 2108 s, 2080 m, 2061 m, 1570 s, 1472 w, 1351 m, 
1249 w, 1139 m, 1106 s, 1091 s, 1044 w, 945 m, 827 w, 695 w. 
[{Na(15C5)}{PtZn(SAc)4(NCS)}]·CH2Cl2 (3). To obtain 3, [PtZn(SAc)4(OH2)] 
(138.0 mg, 0.241 mmol) was substituted in place of [PtCo(SAc)4(OH2)] in the synthesis 
of 1, with NaSCN (19.5 mg, 0.241 mmol) and 15-crown-5 (43.4 μL, 0.217 mmol), 
yielding a white powder (101.4 mg, 48.8%).  Colorless crystals suitable for X-ray 
analysis were grown from CH2Cl2/hexanes.  Anal. Calc’d. for 
PtZnNaC19H32O9S5N·CH2Cl2: C, 25.36; H, 3.62; N, 1.48.  Found: C, 25.52; H, 3.62; N, 
1.48.  IR (cm
-1
):  2907 (br), 2108 s, 1567 s, 1351 m, 1138 s, 1108 s, 1095 s, 978 w, 952 
m, 730 m, 692 m.  
1
H NMR (δ, ppm, {CH2Cl2}): 3.74 (s, 20 H, 15-crown-5), 2.38 (s, 12 
H, CH3).  
13
C NMR (δ, ppm, {CH2Cl2}): 213.41 (s, SO(C)CH3), 132.00 (s, NCS), 68.85 
(s, 15-crown-5), 32.63 (s, CH3). 
[{Na(12C4)2}{PtCo(SAc)4(NCS)}]·Acetone (4). A portion of freshly prepared 
[PtCo(SAc)4(OH2)] (137.9 mg, 0.241 mmol) was dissolved in ~10 mL acetone.  
Separately, a portion of NaSCN (19.5 mg, 0.241 mmol) and 12-crown-4 (70.0 μL, 0.217 
mmol) were dissolved in ~3 mL acetone, and added to the above solution with stirring.  A 
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deep blue/purple color appears immediately.  The solution was stirred for 24 h at room 
temperature.  The acetone was removed on a Schlenk line, and the solid was triturated 3x 
with hexanes, yielding a light purple powder (197.6 mg, 83.0%).  Dark purple crystals 
suitable for X-ray analysis were grown by layering a concentrated solution in acetone 
with hexanes.  Anal. Calc’d. for PtCoNaC25H44O12S5N·0.5 C3H6O : C, 31.30; H, 4.66; N, 
1.38.  Found: C, 31.27; H, 4.63; N, 1.64.  UV-vis-NIR (CH2Cl2) (λmax, nm  
(εM, cm
-1
 M
-1)): 258 (22000), 512 (78), 533 (64), 606 (33), 1408 (7). μeff (Evans method, 
CH2Cl2): 5.04.  IR (cm
-1
): 2910 (br), 2080 s, 1570 m, 1444 w, 1363 w, 1288 w, 1246 w, 
1133 s, 1093 s, 1020 m, 978 w, 915 m, 850 m, 692 m. 
[{Na(12C4)2}{PtNi(SAc)4(NCS)}]·Acetone (5). To obtain 5, [PtNi(SAc)4(OH2)] 
(137.9 mg, 0.241 mmol) was substituted in place of [PtCo(SAc)4(OH2)] in the 
preparation of 4, with NaSCN (19.5 mg, 0.241 mmol) and 12-crown-4 (70.0 μL, 0.217 
mmol), yielding a green powder (126.4 mg, 53.1%).  Green crystals suitable for X-ray 
analysis were grown from acetone/hexanes.  Anal. Calc’d. for PtNiNaC25H44O12S5N·0.5 
C3H6O : C, 31.31; H, 4.66; N, 1.38.  Found: C, 31.18; H, 4.68; N, 1.42.  UV-vis-NIR 
(CH2Cl2) (λmax, nm (εM, cm
-1
 M
-1
)): 258 (25200), 512 (78), 533 (64), 606 (33), 1408 (7). 
μeff (Evans method, CH2Cl2): 3.22.  IR (cm
-1
): 2108 s, 1581 s, 1365 w, 1292 w, 1246 w, 
1134 s, 1093 s, 1021 m, 979 w, 916 m, 849 m, 696 m. 
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[{Na(12C4)2}{PtZn(SAc)4(NCS)}]·Acetone (6).  To obtain 6, [PtZn(SAc)4(OH2)] 
(138.0 mg, 0.241 mmol) was substituted in place of [PtCo(SAc)4(OH2)] in the 
preparation of 4, with NaSCN (19.5 mg, 0.241 mmol) and 12-crown-4 (70.0 μL, 0.217 
mmol), yielding a white powder (117.3, 49.0%).  Colorless crystals suitable for X-ray 
analysis were grown from acetone/hexanes.  Anal. Calc’d. for PtZnNaC25H44O12S5N·0.5 
C3H6O : C, 31.10; H, 4.63; N, 1.37.  Found: C, 31.31; H, 4.53; N, 1.48.  IR (cm
-1
): 2108 
s, 1580 s, 1568 s, 1135 s, 1094 s, 1021 m, 917 m, 849 m. 
1
H NMR (δ, ppm, {CH2Cl2}): 
3.68 (s, 32 H, 12-crown-4), 2.37 (s, 12 H, CH3).  
13
C NMR (δ, ppm, {CH2Cl2}): 213.27 
(s, SO(C)CH3), 132.78 (s, NCS), 65.20 (s, 12-crown-4), 32.58 (s, CH3). 
[{Na(12C4)2}{PtMn(SAc)4(NCS)}] (7).  A portion of sodium bicarbonate (86.6 
mg, 1.012 mmol) was dissolved in ~10 mL H2O.  Thioacetic acid (68.0 μL, 0.964 mmol) 
was added and allowed to react for 15 minutes before adding K2PtCl4 (102.1 mg, 0.241 
mmol).  The solution was mixed overnight, yielding a yellow solution.  A sample of 
MnSO4·H2O was dissolved in minimum H2O and added, yielding a white powder.  The 
powder was recovered by vacuum filtration and stirred in acetone for 20 minutes to 
dissolve.  Separately, a portion of NaSCN (19.5 mg, 0.241 mmol) and 12-crown-4 (70.0 
μL, 0.217 mmol) were dissolved in ~3 mL acetone, and is added to the above solution 
with stirring.  The solution was stirred for 24 h at room temperature.  The acetone was 
removed on a Schlenk line, and the solid was triturated 3x with hexanes, yielding a white 
powder (112.3 mg, 47.4%)  Colorless crystals appearing suitable for X-ray analysis were 
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grown by layering a concentrated solution in acetone with hexanes, however only the 
molecular connectivity was determined, and a publishable structure was not obtained.  
Anal. Calc’d. for PtMnNaC25H44O12S5N : C, 30.52; H, 4.51; N, 1.42.  Found: C, 30.69; 
H, 4.61; N, 1.51.  UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1
 M
-1
)): 268 (28000), 444 (4), 
1159 (3). μeff (Evans method, CH2Cl2): 5.81.  IR (cm
-1
): 2071s, 1713w, 1579s, 1486w, 
1446w, 1364w, 1350w, 1290w, 1133s, 1092s, 975w, 915m, 849m, 694m. 
[PtCr(tba)4NCS]n (8). A portion of potassium thiobenzoate (127.3 mg, 0.722 
mmol) was dissolved in minimum H2O, yielding a yellow solution.  Separately, a sample 
of K2PtCl4 (74.9 mg, 0.180 mmol) was dissolved in H2O and added, allowing the two to 
mix for 15 minutes.  A solution of CrCl3·6H2O (50.1 mg, 0.180 mmol) in H2O was added, 
yielding a green precipitate.  The precipitate was recovered by vacuum filtration and 
dissolved in acetone, yielding an olive green solution.  This solution was layered on top 
of a solution of NaSCN (15.3 mg, 0.180 mg) in cold acetone and fluorobenzene.  
Insoluble green crystals (36.4 mg, 23.7%) suitable for X-ray analysis grew in 48 h.  Anal. 
Calc’d. for PtCrC29H20O4S5N: C, 40.79; H, 2.36; N, 1.64.  Found: C, 40.92; H, 2.60; N, 
1.67.  UV-vis-NIR (Diffuse Reflectance) (λmax, (k/s)): 257 (10.73), 660 (1.18), 1672 
(0.07). IR (cm
-1
): 2100s, 1594w, 1505s, 1487w, 1461m, 1435m, 1310w, 1219s, 1173m, 
1000w, 963s, 770w, 723m, 680m, 645m, 586m. 
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2.2.3. X-Ray Crystallography 
X-Ray crystallography analysis was performed by Prof. Arnold Rheingold at the 
University of California-San Diego. Crystals of 1-6, 8 were mounted on a Cryoloop with 
Paratone-N oil, and data were collected at 100 K with a Bruker APEX II CCD 
diffractometer using Mo Kα radiation. Data were corrected for absorption with SADABS, 
and structures were solved by direct methods.  All non-hydrogen atoms were refined 
anisotropically by full matrix least squares on F
2
.  For 1 - 3 hydrogen atoms were placed 
in calculated positions with appropriate riding parameters. In the structure of 3, 15-
crown-5 was disordered over two positions (59.84%/40.16%) and was refined with C-C 
distances of 1.50(0.001) angstroms and C-O distances of 1.43(0.001) angstroms and 
EADP constraints for carbon atoms and oxygen atoms.  For 4, disorder associated with 
sulfur atoms S1, S2, and S3 were treated using a two part model.  Na(12-crown-4)2 atoms 
associated with sodium atom Na3 were refined relative to Na(12-crown-4)2 atoms 
associated with sodium atom Na2 using SAME restraint. Merohedry twinning was treated 
using the twin law 1 0 0  0 -1 0  0 0 1 resulting in a BASF of 0.274.  ISOR restraints and 
EADP constraints were used for selective atoms to improve presentation.  Residual 
electron densities ranging from 1 e
-
 to 4 e
-
 were found within 1 Å of the majority of 12-
crown-4 atoms of Na3. This potential disorder along with that of acetone solvents, was 
not treated.  In 5, sulfur (43.04%/56.96%) and oxygen (51.40%/49.60%) atoms of Pt2 
anion moiety were disordered and refined using a two part model with fixed Pt-S, C-S, 
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O-C, and O-Zn bond lengths.  Crown ether ring associated with Na3 was also disorder 
(73.59%/26.41%) and was refined using a two part model with fixed C-C and C-O bond 
lengths as well as EADP restraints for carbon and oxygen atoms.  Similarly, in 6, sulfur 
(44.43%/55.57%) and oxygen (48.56%/51.44%) atoms of Pt2 anion moiety were 
disordered and refined using a two part model with fixed Pt-S, C-S, O-C, and O-Zn bond 
lengths.  Crown ether ring associated with Na3 was also disorder (72.26%/27.74%) and 
was refined using a two part model with fixed C-C and C-O bond lengths as well as 
EADP restraints for carbon and oxygen atoms.   
2.2.4. Magnetic Measurements 
Evans method
104,105
 solution susceptibility measurements were performed for 1, 2, 
4, 5 and 7.  
1
H NMR spectra were collected on a Varian 500 MHz spectrometer. 
Solutions were prepared with CD2Cl2 doped with trimethylsilanol, and the shift in the 
peak was measured for both the proteo solvent and the CH3 protons of trimethylsilanol. 
Magnetic susceptibility measurements for 8 were obtained by Prof. Matthew 
Shores group with the use of a Quantum Design MPMS-XL SQUID magnetometer 
housed at Colorado State University, Fort Collins, Colorado.  Measurements were made 
on a solid crystalline sample with a mass of 13.85 mg, sealed in a 1 cm × 1.5 cm 
polyethylene bag and inserted into a clear plastic straw.  Data were collected between 1.8 
K and 300 K for dc applied fields ranging from -5 T to 5 T.  The absence of 
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ferromagnetic impurities was confirmed by observing no deviations from linearity in the 
field scan of magnetization obtained at 100 K (Figure S7). The magnetic data were 
corrected for the magnetization of the sample holder by subtracting the signal from the 
sample holder and for diamagnetic contributions of the sample by using Pascal’s 
constants.  
2.3. Results and Discussion 
2.3.1. Synthesis and Structure 
These new lantern compounds were synthesized by modification of our 
previously developed method,
35
 as shown in Scheme 2.1.  Compound 1 is prepared by 
dissolving the freshly prepared lantern, [PtCo(SAc)4(OH2)], in acetone. This form of the 
lantern is used because the dried, desolvated [PtM(SAc)4] species do not redissolve in 
water or acetone, but require strongly donating solvents such as DMF or DMSO
39
 and 
extensive heating to redissolve. Subsequently an acetone solution of NaSCN is added, 
resulting in an immediate color change from light purple to an intense blue-purple, 
suggestive of a change in the electronic environment at Co.  
 
 
 
 
 
 
 
 
36 
 
Scheme 2.1. Synthesis of [PtM(SAc)4(NCS)]-containing compounds.  
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To facilitate larger crystal growth and increase solubility, 15-crown-5 was used to 
encapsulate the Na ions.  A slightly sub-stoichiometric amount of the cyclic ether 
facilitates removal of unreacted NaSCN by extracting the solid product into CH2Cl2.  
Compound 1, as well as 2 - 6 and 8 have been crystallographically characterized, and 
collection parameters are summarized in Table 2.1.  Selected bond distances and angles 
are collected in Table 2.2. 
The asymmetric unit of 1 shows a pair of PtCo lantern units with isothiocyanate 
ligands bound axially to Co, as seen in Figure 2.1.  Two independent units are present in 
the asymmetric unit, but only one is shown.  The two unique Pt-Co distances of 2.6638(8) 
Å and 2.6550(8) Å are slightly elongated, but typical for this family of heterobimetallic 
lantern complexes. Previous compounds have Pt-Co distances ranging from 2.6223(9) Å 
(for L=DMSO) to 2.6405(4) Å (for L=pyNH2).
39
 Similarly, there are two unique Co-N 
distances of 2.047(3) Å and 2.043(3)Å.  Co-NCS bonds are not uncommon, as the 
Cambridge Structural Database
106-108
 contains 678 compounds that have Co bound to a 
terminal NCS.  Of these, there are 28 other examples of a [CoO4]-NCS species, with an 
average bond length of 2.05(3) Å. Compounds with a M-Co bond and a Co-NNCS bond 
are much more rare, with only 16 examples in the CSD.  These compounds, exclusively 
from the EMAC (extended metal atom chain) family, have an average Co-N distance of 
2.06(2) Å.  The simplest of these compounds is [Co3(dpa)4(NCS)2],
90
 which is composed 
of a chain of three cobalt atoms linked by a backbone of 4 di(2-pyridyl)amide ligands,  
 
 
 
 
 
 
 
 
38 
 
                           
Figure 2.1. ORTEP of [Na(15C5)][PtCo(SAc)4(NCS)], 1.  Ellipsoids are drawn at the 
50% level.  Hydrogen atoms and solvent molecules are omitted for clarity. 
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with NCS bound in the two axial positions. Depending on the solvent of crystallization, 
this compound has Co-NNCS distances of 2.059(3), 2.042(3), 2.047(8), and 2.051(6) Å.  
Compounds 1 and 4 represent the first examples of heterometallic compounds with M-Co 
and Co-NCS.   
The SCN ligand metrical parameters in Table 2.2 are entirely consistent with a 
C≡N triple bond and C-S single bond, and are therefore unexceptional.  Among 4135 
entries in the CSD with terminal M-NCS linkages, the average C-N and C-S distances are 
1.15(3) and 1.62(3) Å respectively.  The values in 1 are 1.164(4) and 1.650(3) Å, versus 
typical C=N and C=S distances
109
 of 1.32 and 1.55 Å respectively. Analogous NCS 
distances of the other compounds in this chapter are comparable.   
Compounds 2 and 3 were prepared by a similar procedure to that of 1, the only 
change being the substitution of the appropriate lantern complex with a different 3d 
metal.  Compound 2 is isostructural with 1, though with only one molecule in the 
asymmetric unit, and the ORTEP of 2 is shown in Figure 2.2.  The Pt-Ni distance of 
2.6015(6) Å, is slightly shorter than the Pt-Co distance in 1.  Similarly, the Ni-N distance 
of 2.012(5) Å is again slightly shorter than that in 1.  This pattern is consistent with 
comparisons between previously reported Pt-Ni and Pt-Co lantern compounds. Pt-Ni 
distances ranged from 2.5571(6) Å (for L=DMF) to 2.5951(3) Å (for L=pyNH2).
39
 There 
are 21 crystallographically characterized compounds with a [NiO4]-NCS bond, with an  
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Figure 2.2. ORTEP of [Na(15C5)][PtNi(SAc)4(NCS)], 2. Ellipsoids are drawn at the 
50% level.  Solvent molecules and hydrogen atoms have been omitted for clarity.  
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average distance of 2.02(2) Å.  There are only nine known compounds with a M-Ni bond 
and a Ni-NCS bond, eight of which are from the EMAC family. The simplest of these is 
[Ni5(tpda)4(NCS)2],
89
 (tpda=tripyridyldiamido), which has a Ni-NNCS distance of    
2.00(1) Å.   
Zn-containing 3, shown in Figure 2.3, is the isostructural analogue of 1 and 2.  
The Pt-Zn distance of 2.6917(7) Å is longer than the analogous Pt-Co or Pt-Ni distances.  
The Pt-Zn distance has not exhibited a consistent pattern when compared to previously 
reported Co or Ni-containing compounds, and the Pt-Zn distances have shown a larger 
range. Previously, the Pt-Zn distances ranged from 2.5517(6) Å (for L=pyNH2)
39
 to 
2.6477(6) Å (for L=OH2).
38
 The Zn-N distance of 2.020(5) Å lies between the Co-N and 
Ni-N distances, consistent with our previous reports.
38,39
  Compounds with Zn-NCS 
bonds are more rare when compared to Co or Ni, with 345 examples in the CSD of Zn 
bound to a terminal NCS, and only nine examples of a [ZnO4]-NCS species.  These nine 
compounds have an average Zn-N distance of 2.06(6) Å.  Compounds 3 and 6 represent 
the first examples of compounds containing both M-Zn and Zn-NCS bonds.   
Single crystal X-ray diffraction of 1-3 demonstrated interactions between the Na 
cations and the S of the ligated thiocyanate.  The hypothesis that this interaction was 
preventing the assembly of a 1D geometry led to the synthesis of compounds 4-6, 
prepared by substituting two equivalents of 12-crown-4 for one of 15-crown-5.  The 
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purpose of the crown ether is now threefold: increasing solubility, facilitating 
crystallization, and fully isolating the Na
+
 cation.  Again, a sub-stoichiometric amount of 
crown ether facilitated removal of unreacted starting material.   
Figure 2.3. ORTEP of [Na(15C5)][PtZn(SAc)4(NCS)], 3. Ellipsoids are drawn at the 
50% level.  Solvent molecules and hydrogen atoms have been omitted for clarity.  
  
 
 
 
 
 
 
 
 
43 
 
Figure 2.4. ORTEP of [Na(12C4)2][PtCo(SAc)4(NCS)], 4.  Ellipsoids are drawn at the 
50% level. Hydrogen atoms and solvent molecules are omitted for clarity. 
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This approach was successful and the ORTEP of 4 in Figure 2.4 shows the 
removal of the interaction between the Na and SNCS.  The asymmetric unit contains three 
molecules, which have Pt-Co distances of 2.6690(9), 2.669(1), and 2.669(1) Å.  The Co-
N distances are 2.027(6), 2.035(7), and 2.021(7) Å.  These Co-N bond distances are very 
slightly shortened when compared to 1, likely due to removing the interaction with the 
cation.  The distances within the SCN ligand are also largely unchanged, Table 2.2, 
indicating that the previous SCN
…
Na interaction was predominantly ionic.  Differences 
in the geometric orientations of the lantern dimers, and the inferred electron density on Pt 
are discussed further below.   
Compound 5 shows the same structural motif as 4, with three unique molecules in 
the asymmetric unit.  These have Pt-Ni distances of 2.613(3), 2.605(1), and 2.616(3) Å.  
The Ni-N distances are comparable to 2, with distances of 2.01(2), 1.99(1), and 2.026(8) 
Å.  Compound 6 also shows the same structural motif, with Pt-Zn distances of 2.703(2), 
2.707(2), and 2.7201(6) Å.  The Zn-N distances, at 2.013(9), 1.99(1), and 2.009(4) are 
very slightly shortened when compared to 3. ORTEPS of 5 and 6 are shown in Figures 
2.5 and 2.6.   
Compound 7 is prepared by first synthesizing in situ [PtMn(SAc)4(OH2)] from 
Na2[Pt(SAc)4] in and MnSO4
.
H2O. Upon addition of the Mn salt a white solid, the 
previously unreported PtMn(SAc)4(OH2)], precipitates immediately.  Once the lantern is 
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isolated, the continued synthesis of 7 proceeds similarly to 4-6, with the only major 
change being the requirement of an extended stirring period to dissolve the lantern.  A 
preliminary crystal structure for [{Na(12C4)2}{PtMn(SAc)4(NCS)}] has been obtained 
by slow evaporation of a saturated acetone solution confirming the same connectivity as 
seen with 4 - 6,
 
but it was not of publishable quality due to excessive solvent disorder.   
 
Figure 2.5. ORTEP of [Na(12C4)2][PtNi(SAc)4(NCS)], 5. Ellipsoids are drawn at the 
50% level.  Solvent molecules and hydrogen atoms have been omitted for clarity. 
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Figure 2.6. ORTEP of [Na(12C4)2][PtZn(SAc)4(NCS)], 6. Ellipsoids are drawn at the 
50% level.  Solvent molecules and hydrogen atoms have been omitted for clarity. 
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Nevertheless, the basic lantern motif and all non-hydrogen atom connectivities are the 
same as in 4 – 6.  Compound 7 is now the first lantern compound with any bridging 
ligand containing Pt and Mn.  Further attempts to crystallize this compound have not yet 
yielded crystals suitable for publishable single-crystal diffraction analysis.  Other bridged 
{PtMn}-containing complexes have been reported including two {PtMnPt} species with 
four bridging amides and four ammine
110
 or two 1,2-cyclohexyldiamine
111
 ligands.   
By isolating the Na
+
 cation, the Na
…
S interaction was removed, but no extended 
structure was observed in 4 - 7, suggesting that the electrostatic repulsion of a string of 
anions prevents the formation of a 1D array, not the steric hindrance of the Na cation.  
There are numerous examples in the literature of (SCN) as a bridging ligand between 
anions in which the charge-balancing cations are of the form iminium,
112-115
 R4N
+
,
116
 or 
even [Cu(terpy)2]
2+
.
97
  Thus one needs both steric access to the Pt site, as well as 
sufficient electrophilicity.   
With this hypothesis in mind, the preparation of 8 began.  Thiobenzoate (tba) was 
used as the thiocarboxylate due to the favorable reduced solubility in water versus 
thioacetate that allows facile isolation of the lantern compound from water. If the 
procedure used for compounds 1 - 7 is used for 8, an insoluble green powder forms 
rapidly and can be recovered, but not redissolved.  X-ray diffraction quality crystals were 
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obtained by slowly mixing the two reactants in acetone and the addition of 
fluorobenzene.  
Heterobimetallic lantern complexes have been previously reported with Pt and 
Cr.
117,118
 These compounds uniformly involve Pt(II), and have been synthesized and 
isolated with both Cr(II) and Cr(III) oxidation states.  Additionally, examples are found 
both with and without axial ligands, though no examples of extended geometries have 
been reported.  Interestingly, these compounds were assembled using the similar hard-
soft principles as we have used in the past to ensure {PtS4}-{CrN4} coordination.
117,118
  
Compound 8 displays an infinite quasi-1D chain, with the isothiocyanate N-bound 
to Cr and S-bound to the Pt on an adjacent lantern.  An ORTEP of 8 is shown in Figure 
2.7. The Pt-Cr distance of 2.5252(9) Å is shorter than those for Co, Ni, and Zn, and is 
consistent with a smaller M
3+
 ion and previously characterized Pt-Cr bonds.  The six 
structurally characterized lantern-type compounds
117-119
 with short Pt-Cr contacts have an 
average Pt-Cr distance of 2.55(5) Å, consistent with 8.  There are 13 known compounds 
with isothiocyanate bridging between Cr and another transition metal, which have an 
average Cr-NNCS distance of 2.00(1) Å.  The SNCS-Pt bond distance is 2.702(1) Å is 
longer than the average of 2.35(5) Å in 37 terminal SNCS-Pt instances.  In the 35 
structurally-characterized compounds containing between Pt and another metal, the 
average Pt-S bond distance is 2.33(3) Å.  This increased bond length of an axial ligand to 
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Pt(II) in a lantern structure is consistent with our previous compound with pyridine
39
 
bound to Pt. The compound [(py)PtCo(SAc)4(py)] contains a Pt-Npyridine distance of 
2.567(4) Å, as compared to an average distance of 2.041(9) Å in more common four-
coordinate {Pt(II)(py)}-containing species. The square-planar Pt(II) centers in these 
  
                       
Figure 2.7. ORTEP of 8, [PtCr(tba)4(NCS)]n.  Ellipsoids are drawn at the 50% level and 
hydrogen atoms are omitted for clarity.  Two complete units are included to display the 
zig-zag connectivity of the polymer. 
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lanterns are not strongly electrophilic and formally octahedral coordination, including the 
Pt-M interactions, is highly unusual.
120,121
  The intrachain, direct distance between the 
two Cr atoms is 7.772(1) Å, but there is nonetheless electronic communication between 
the lantern units as described below in the magnetism section.   
Previously these heterobimetallic compounds had been grouped into three 
structural classes, shown in Scheme 2.2.
39
 In the “staggered” conformation, the Pt-Pt 
distance is the shortest having metallophilic interactions less than about 3.1 Å and the 
thiocarboxylate groups are rigorously staggered, with S-Pt-Pt-S dihedral angles of 45°.  
In the “square,” motif, the closest contact between lanterns is the Pt-S contact instead of 
the Pt-Pt contact, which are close to 4 Å.  Compounds in this group necessarily have a 
much more bent M-Pt-Pt angle between lantern units which was about 138° in those 
examples.  An intermediate structure is observed in the “eclipsed” conformation, having a 
relatively close Pt-Pt contact between lantern units of about 3.4 Å, and eclipsed 
thiocarboxylate groups, with dihedral S-Pt-Pt-S angles of 0°. Selected bond distances and 
angles for previously assigned square and eclipsed compounds, as well as those in this 
chapter, are collected in Table 2.3.   
With the exception of 2, which fits unambiguously into the original eclipsed 
category because of a longer Pt
…
S than Pt
…
Pt contact, 1-6 require two subcategories to  
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Scheme 2.2. Comparison of staggered, totally- and partially eclipsed, and square 
geometries, noting characteristic bond distances and angles, along with examples of each.    
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be delineated.  Compounds 1 and 3 are clearly closest to the eclipsed configuration, 
instead of shorter, than the average Pt
…
S distance.  The offset angles of 1-3 are quite 
consistent with the previously seen eclipsed geometries.  This category is best described 
as “partially eclipsed” since four atoms, in {SS} and {PtPt} pairs are in close contact.  
Compounds 4 - 6 exhibit an even more eclipsed geometry, now termed “totally eclipsed” 
because eight atoms are aligned head-to-head.  These compounds have Pt
….
Pt distances 
of 3.4 Å and are similar to the earlier eclipsed compounds, but have much longer Pt
…
S 
distances in comparison.  Compounds 4 - 6 also display M-Pt-Pt offset angles that are 
closer to linear, with values near 170°. 
The difference between 1-3 and 4-6 is explained by the removal of the interaction 
between the isothiocyanate S and the Na cation.  By removing this interaction, the ligand 
is free to donate more electron density to the lantern unit, and the Pt center has more 
electronic density available to facilitate a shorter interaction with the adjacent lantern 
compound.  The Pt
…
Pt interactions are longer than most Pt
…
Pt metallophilic interactions, 
but this totally eclipsed geometry in three different compounds clearly demonstrate a 
favorable interaction.   
2.3.2. Electronic Spectroscopy 
Electronic spectra for compounds 1-6 are consistent with our previously reported 
lantern complexes with M=Co, Ni, Zn.
38,39
  The Co-containing 1 and 4 display four peaks 
 
 
 
 
 
 
 
 
53 
in the visible range around 510, 530, 580 and 610 nm that are assigned to d-d transitions 
on the Co center.  The Ni-containing 2 and 5 display a single, weaker absorption in the 
visible range around 710 nm.  These four compounds also display an absorption in the 
NIR region at 1372 (Co) and 1310 (Ni) nm, which is assigned to an intermetallic d-d 
charge transfer.  The Zn-containing 3 and 6 show no absorption in the NIR or the visible 
regions.  Coordination of Na in 1 - 3, or not in 4 - 6, to the S atom has no significant 
effect on these spectra.  Compound 7 shows only a weak absorbance in the NIR at 1159 
nm and in the visible range at 444 nm.  All seven compounds show a peak in the UV 
region around 260 nm, which has been assigned as a LMCT from the thioacetate 
backbone, primarily from Pt to S because the monometallic {K2[Pt(SAc)4]} displays a 
similar absorption at 257 nm (21,700 cm
-1
 M
-1
),
50
 while the metal acetate {Co(OAc)2} 
displays a much weaker absorption (100 cm
-1
 M
-1
) near this energy.
122
   
When compared to previous compounds with solvent or pyridine ligands axially 
bound to Co or Ni, there is a red shift of λmax of 13-15 nm (for M=Co) or 39-45 nm (for 
M=Ni) in 1-2 and 4-5.  A comparison of 1 and 4 with the previously reported pyridine 
adduct is displayed in Figure 2.8, and the comparison of the Ni analogues is shown in 
Figure 2.9.  The visible absorbance energies of these compounds are consistent with the 
position of NCS vs py species in the spectrochemical series.   
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  Diffuse reflectance UV-vis-NIR spectrum was collected for 8 due to its 
insolubility, which shows (Figure 2.10) a similar pattern to the other heterobimetallic 
lantern compounds. A strong peak is seen in the UV range at 257 nm, with a weaker 
transition seen in the visible at 660 nm.  The peak in the NIR is seen at 1672 nm and is 
red-shifted by ~350 nm when compared to the Co and Ni based lantern complexes.   
 
 
 
Figure 2.8.  Electronic spectra of 1, 4, and the previously reported pyridine-ligated 
species, [PtCo(SAc)4(py)].   
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Figure 2.9.   Electronic Spectra of 2, 5, and the previously reported pyridine-ligated 
species, [PtNi(SAc)4(py)]. 
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Figure 2.10.   Diffuse Reflectance Spectrum of 8. The inset excludes the UV range for a 
more detailed view of the visible and NIR ranges. 
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2.3.3. Magnetic Measurements 
Solution state Evans method measurements
104,105
 were performed for 1, 2, 4, 5, 
and 7.  Compounds 1 and 4 show μeff, or effective magnetic moment, values of 5.00 and 
5.04 (although commonly reported in units of the Bohr magneton, μB, effective magnetic 
moments are a unitless measure of the magnitude of paramagnetism),
123,124
 respectively, 
which are higher than the predicted spin-only magnetic moments (3.88) for high spin 
Co(II), but are consistent with  our previously reported Co-containing lanterns, which 
range from 4.61 for L=py
39
 to 5.06 for L=NO2py.
38
 Compounds 2 and 5 have values of 
3.05 and 3.22, which are again slightly higher than the predicted spin-only value (2.83), 
but still consistent with our previously reported Ni-containing lanterns (2.84 for L=OH2
38
 
to 3.15 for L=py
39
).  The Pt-Mn derivative 7 displays a value of 5.81, which is consistent 
with a high spin Mn(II) center (spin-only value of 5.92).  
Comprehensive solid state magnetic characterization was performed on Cr(III)-
containing 8. The temperature dependence of magnetic susceptibility was measured at 
1000 Oe between 1.8 and 300 K. As shown in Figure 2.11, at 300 K the χMT product is 
2.33 cm
3
·K·mol
-1
 (eff = 4.32) , which is a little higher than expected for a high spin 
Cr(III) ion having total spin S = 3/2 and Landé factor g = 2 (theoretical Curie Constant = 
1.875 cm
3
·K·mol
-1
, eff = 3.87). As the temperature is decreased, the χMT product 
remains almost unchanged until 45 K, and thereafter gradually increases to 14.97 
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cm
3
·K·mol
-1
 (eff = 10.94) at 1.8 K. This increase in χMT values indicates ferromagnetic 
interactions between the S = 3/2 Cr(III) centers. The susceptibility data were fit to the 
                         
Figure 2.11. Temperature dependence of χMT for 8 (black circles) collected between 1.8 
and 300 K at an applied dc field of 1000 Oe. The solid red line is the fit to the Bonner-
Fisher infinite chain model of Heisenberg spins (see text). Inset: low temperature 
dependence of χMT between 1.8 and 5 K collected at different applied dc fields between 5 
and 5000 Oe; lines are guides to the eye. Note that the data collected at 1000 Oe in the 
inset give different χMT values: we attribute this to field-induced reorientation of sample 
crystallites.  
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Bonner-Fisher model for infinite chains:
125
  
𝜒𝑀𝑇 =  
𝑁𝜇𝐵𝑔
2
3𝑘𝐵
𝑆(𝑆 + 1)
(1 + 𝑢)
(1 − 𝑢)
 
where S = 3/2 and u is 
𝑢 =  𝑐𝑜𝑡ℎ [
2𝐽𝑆(𝑆 + 1)
𝑘𝐵𝑇
] − [
𝑘𝐵𝑇
2𝐽𝑆(𝑆 + 1)
] 
and J represents the exchange interactions between two adjacent Cr(III) centers. Given 
the spin Hamiltonian H = - 2J∑Si·Si+1, positive J values imply ferromagnetic coupling.  
The best fit of the χMT vs T data between 3 and 300 K (Figure 2.11) based on this 
model gives g = 2.16(2) and J/kB = 1.7(4) K. This coupling is comparable to the mean 
field interaction parameter extracted from a simple Curie-Weiss analysis of χM
-1
 vs T data 
(Figure 2.12) at lower temperatures (zJ’/kB = 2.9(3) K), assuming z = 2, which suggests 
that the net exchange coupling interactions encountered by a Cr(III) center in 8 can be 
attributed almost entirely to the 1D interaction. However, we note that the χM
-1
 vs T plot 
is not linear at higher temperatures, which indicates the presence of competing intra- and 
inter-chain magnetic interactions in the system. Nevertheless, the minimum intra-chain 
Cr-Cr distance of 7.77(2) Å is shorter than the closest inter-chain Cr-Cr distance of 
9.86(1) Å, which supports the notion that the 1D Cr-Cr interaction supersedes the mean 
field (3D) magnetic interaction.  
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Figure 2.12. Temperature dependence (between 1.8 K and 300 K) of inverse magnetic 
susceptibility (χM
-1vs. T) for compound 8, collected at an applied dc field of 1000 Oe 
(black circles) and 10 Oe (red dots).  
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The predominance of ferromagnetic interactions can be rationalized as follows. 
Based on the molecular orbital diagram we established for the Pt-Ni interaction in our 
previously reported complex [PtNi(tba)4(OH2)],
126
 the unpaired electrons of the Cr(III)-
Pt(II) unit should reside in two π* and one δ* antibonding orbitals, effectively producing 
a tetragonally-distorted octahedral Cr(III) ion. The bridging isothiocyanate ligand can 
only transmit spin density via orbitals with π symmetry. These orbitals are orthogonal to 
the Pt-based dz
2
 (σ*) orbital on an adjacent {PtCr} unit. In turn, this orthogonality results 
in intra-chain ferromagnetic interactions between the Cr(III) centers via Hund's rule.  
We note significant field dependence of magnetic susceptibility (Figures 
2.11(inset) and 2.13) at low temperatures (< 4 K) and low fields (< 3000 Oe). At fields 
less than 500 Oe, an inflection in susceptibility values at ~2.5 K suggests the onset of 
three-dimensional ferromagnetic ordering via inter-chain interactions. At higher fields, 
the downturn in χMT values may be attributed to axial magnetic anisotropy of the Cr(III) 
ions in a tetragonally-distorted octahedral field and/or antiferromagnetic coupling 
between chains.  
To investigate possible long range interactions in greater detail, we measured the 
field dependence of the magnetization at temperatures between 1.8 and 4 K (Figures 2.14 
and 2.15), between -5 T and +5 T. At ±5 T the magnetization values approach saturation  
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Figure 2.13. Low temperature dependence of χM (left) and χMT (right), collected at dc 
fields between 5 Oe and 5000 Oe. 
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Figure 2.14. Field dependence of magnetization for 8 acquired at selected temperatures 
between 1.8 K and 4 K; lines are guides to the eye. Inset: expansion of M vs H plot 
obtained at 1.8 K to show butterfly-like hysteresis. Scans of the full range of dc fields 
probed (-5 T to +5 T) are available in Figures 2.15 and 2.16. 
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Figure 2.15. Left: field dependence of magnetization for compound 8, collected between 
0 and 5 T at selected temperatures ranging from 1.8 K to 4 K. Right: corresponding 
dM/dH vs. H plot, focusing on data shown 4000 Oe. 
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Figure 2.16. Left: field dependence of magnetization for 8, collected at 1.8 K between -5 
and +5 T. Right: expansion of the same data between -1 T and +1 T. Lines are guides to 
the eye. 
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near 3 μB, consistent with an S = 3/2 ground state spin for each Cr(III) ion. At 4 K, the 
smooth and monotonic increase in magnetization with increasing field (0 to 5 T) is 
consistent with paramagnetic behavior. At fields lower than 4000 Oe and T < 4 K, the 
magnetization trace shows some discontinuities, suggesting possible rearrangements of 
chain magnetic moments. The first derivative plot (dM/dH vs H, Figure 2.15) shows a 
significant upturn at low fields and low temperatures (H < 1000 Oe, T < 4 K), suggesting 
increase of magnetization. Indeed, the hysteresis field sweep collected at 1.8 K (Figures 
2.14 (inset) and 2.16) exhibits butterfly-like hysteresis loops observed between 0 to 1 T 
and 0 to -1 T. Given the zig-zag nature of the {Pt-Cr-NCS} chains, it is reasonable to 
attribute the discontinuities to rearrangement of the net ferromagnetic chain moments as 
the external field is changed, due to canting of the Cr(III) magnetic axes. An alternative 
explanation for this magnetization behavior is spin-phonon coupling in the lattice;
127,128
 
however, we do not observe the expected field-induced magnetic relaxation of ac 
susceptibility, at 1.8 K and an applied dc field of 1500 Oe (Figure 2.17).  
  
 
 
 
 
 
 
 
 
67 
 
Figure 2.17. The frequency dependencies of in phase (left) and out of phase (right) 
magnetic susceptibilities for compound 8, collected at 1.8 K under zero applied dc field 
(blue) and 1500 Oe (red), with an oscillating ac field of 4 Oe. Lines are guides to the eye. 
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2.4. Conclusions 
In summary, a series of eight compounds with the common unit {PtM(SAc)4(NCS)} has 
been synthesized, isolated and thoroughly characterized.  Compounds 1-7 do not display 
any quasi-1D architecture, but instead form two related types of head-to-head interactions 
between adjacent lantern units.  The {Na(15C5)}[PtM(SAc)4(NCS)] series, 1 (Co), 2 
(Ni), 3 (Zn), with Na…SNCS interactions exhibit the previously observed eclipsed 
structural motif, which is now termed “partially eclipsed”. The ion-separated 
{Na(12C4)2)}[PtM(SAc)4(NCS)] series, 4 (Co), 5 (Ni), 6 (Zn), and probably 7 (Mn), 
exhibit a new structural motif, the “totally eclipsed” one. Distinction among these 
structures continues to be made based on interlantern Pt
…
Pt distances, Pt
…
S distances, 
and M-Pt-Pt angles. Compound 8, [PtCr(SAc)4(NCS)], forms an extended 1D system 
consisting of [PtCr(tba)4]
+
 bridged in a zig-zag fashion by isothiocyanate. This chain 
exhibits intra-chain ferromagnetic interactions between the S = 3/2 Cr(III) centers, 
consistent with the electronic structure of this family of heterobimetallic complexes.  
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Table 2.1. Summary of X-ray crystallographic data collection parameters 
Compound 1 2 3 4 
Formula C20H34Cl2Co
NNaO9PtS5 
C20H34Cl2N
NaNiO9PtS5 
C20H34Cl2N
NaO9PtS5Zn 
C28H50CoN 
NaO13PtS5 
Formula Weight 940.69 940.47 947.13 1046.00 
Crystal System Triclinic Triclinic Triclinic Monoclinic 
Space Group P-1 P-1 P-1 P2(1)n 
a, Å 11.757(2) 11.8679(3) 11.8308(8) 27.6680(19) 
b, Å 13.151(3) 12.0344(5) 12.0317(8) 14.5120(10) 
c, Å 23.887(5) 13.1456(4) 13.1799(6) 30.2910(19) 
α, ° 75.901(3) 75.1700(16) 75.236(2) 90 
β, ° 78.727(3) 72.7780(13) 72.7810(10) 90.231(2) 
γ, ° 72.840(3) 78.4160(16) 78.3630(10) 90 
V, Å3 3392.0(12) 1717.62(10) 1723.75(18) 12162(3) 
Z 4 2 2 12 
ρ(calcd), g cm-3 1.842 1.818 1.825 1.714 
μ, mm-1 5.832 5.131 5.262 4.182 
Temp, K 100 200(2) 173(2) 100(2) 
R(F), %a 2.43 4.40 3.73 4.62 
R(ωF2), %b 4.70 12.56 9.19 10.16 
a R = ∑||Fo| – |Fc||/∑|Fo| 
b
 R(ωF2) = {∑ [ω(Fo
2
 – Fc
2
)
2]}/{∑ [ω(Fo
2
)
2
]}
1/2; ω = 
1/[σ2(Fo
2
) + (aP)
2
 + bP] with a and b given in CIF, P = [2Fc
2
 + max(Fo,0)]/3
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Table 2.1 cont. 
Compound 5 6  8 
Formula C28H50NNaNiO13
PtS5 
C28H50NNaO13Pt
S5Zn 
C29H20CrNO4PtS5 
Formula Weight 1045.78 1052.44 853.85 
Crystal System Orthorhombic Orthothombic Monoclinic 
Space Group Pna2(1) Pna2(1)n P2(1)/c 
a, Å 14.4802(15) 14.5504(12) 11.1403(16) 
b, Å 30.199(3) 30.376(3) 17.335(3) 
c, Å 27.641(3) 27.770(2) 15.525(2) 
α, ° 90 90 90 
β, ° 90 90 93.522(8) 
γ, ° 90 90 90 
V, Å3 12087(2) 12273.6(18) 2992.4(8) 
Z 12 12 4 
ρ(calcd), g cm-3 1.724 1.709 1.895 
μ, mm-1 4.263 4.325 5.418 
Temp, K 148(2) 148(2) 100 
R(F), %a 4.87 3.46 3.36 
R(ωF2), %b 13.29 10.72 5.98 
a R = ∑||Fo| – |Fc||/∑|Fo| 
b
 R(ωF2) = {∑ [ω(Fo
2
 – Fc
2
)
2]}/{∑ [ω(Fo
2
)
2
]}
1/2; ω = 
1/[σ2(Fo
2
) + (aP)
2
 + bP] with a and b given in CIF, P = [2Fc
2
 + max(Fo,0)]/3
 
 
  
 
 
 
 
 
 
 
 
71 
Table 2.2. Selected Bond Distances for 1-6, 8 
Distance 
(Å) 
1 (Co) 2 (Ni) 3 (Zn) 4 (Co) 5 (Ni) 6 (Zn) 8 (Cr) 
Pt-M 2.6638(8) 
2.6550(8) 
2.6015(6) 2.6917(7) 2.6690(9) 
2.669(1) 
2.669(1) 
2.613(3) 
2.605(1) 
2.616(3) 
2.703(2) 
2.707(2) 
2.720(1) 
2.525(9) 
M-N 2.047(3) 
2.043(3) 
2.012(5) 2.020(5) 2.027(6) 
2.021(7) 
2.035(7) 
2.01(2) 
2.026(8) 
1.99(1) 
2.013(9) 
1.99(1) 
2.009(4) 
2.034(4) 
Pt
…
Pt 3.5299(7) 
3.5374(7) 
3.5123(3) 3.5433(4) 3.4035(4) 
3.4116(5) 
3.3370(2) 3.4164(8) N/A 
Pt
…
SSAc 3.436(1) 
3.514(1) 
3.529(1) 3.525(2) 3.745(2) 
3.947(2) 
3.927(8) 3.953(4) N/A 
N-C 1.164(4) 
1.163(4) 
1.161(6) 1.151(7) 1.161(8) 
1.153(11) 
1.160(11) 
1.14(2) 
1.176(12) 
1.17(2) 
1.117(13) 
1.162(7) 
1.196(13) 
1.157(6) 
C-S 1.650(3) 
1.643(3) 
1.644(5) 1.647(6) 1.654(7) 
1.634(9) 
1.647(9) 
1.650(18) 
1.653(19) 
1.639(9) 
1.665(12) 
1.639(6) 
1.611(10) 
1.627(6) 
SNCS
…
Na 2.823(1) 
2.809(1) 
2.806(2) 2.826(3) N/A N/A N/A N/A 
SNCS-Pt N/A N/A N/A N/A N/A N/A 2.702(1) 
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Table 2.3.  Comparison of Bond Distances and Angles for Eclipsed and Square 
Compounds. 
Compound Geometry M-Pt-Pt 
Angle (°) 
Pt…Pt 
(Å) 
Shortest 
Interlantern 
Pt…S (Å) 
Reference 
[PtCo(tba)4(OH2)] Staggered 178.56(2) 3.0651(4 3.799(3) 33 
[PtNi(tba)4(OH2)] Staggered 180 3.0816(5) 3.852(3) 33 
[PtCo(SAc)4(OH2)] Staggered 179.45(1) 3.1261(3) 3.8475(9) 36 
[PtNi(SAc)4(OH2)] Staggered 179.86(5) 3.0794(6) 3.821(3) 36 
[PtZn(SAc)4(OH2)] Staggered 179.38(2) 3.1246(3) 3.834(2) 36 
[PtNi(SAc)4(NO2py)] Staggered 177.26(2) 3.0583(4) 3.808(2) 36 
[PtCo(SAc)4(NO2py)] Partially 
Eclipsed 
160.76(1) 3.4389(2) 3.615(1) 36 
[PtZn(SAc)4(NO2py)] Partially 
Eclipsed 
159.36(1) 3.4453(2) 3.5950(8) 36 
[PtFe(tba)4(OH2)] Square 134.46(1) 4.2514(2) 3.2596(9) 33 
[PtCo(SAc)4(py)] Square 133.03(1) 4.3042(3) 3.0774(9) 37 
[PtNi(SAc)4(py)] Square 133.51(1) 4.2308(6) 3.0587(9) 37 
[PtZn(SAc)4(py)] Square 133.35(1) 4.2489(3) 3.038(4) 37 
[PtCo(SAc)4(pyNH2)] Square 142.51(1) 4.1224(3) 3.2646(7) 37 
[PtNi(SAc)4(pyNH2)] Square 140.34(1) 4.1304(2) 3.2123(6) 37 
[PtZn(SAc)4(pyNH2)] Square 142.10(1) 4.1406(6) 3.256(1) 37 
[PtCo(SAc)4(DMSO)] Square 146.38(2) 3.8489(3) 3.225(2) 37 
[PtNi(SAc)4(DMF)] Square 135.14(1) 4.2171(2) 3.0716(9) 37 
1 Partially 
Eclipsed 
160.81(2) 
156.89(2) 
3.5299(7) 
3.5374(7) 
3.436(1) 
3.513(1) 
This work 
2 Partially 
Eclipsed 
159.74(2) 3.5123(3) 3.529(1) This work 
3 Partially 
Eclipsed 
159.59(2) 3.5433(4) 3.525(2) This work 
4 Totally 
Eclipsed 
165.58(3) 
174.64(3) 
3.4035(4) 
3.4116(5) 
3.745(2) 
3.947(2) 
This work 
5 Totally 
Eclipsed 
171.1(1) 3.3370(2) 3.927(8) This work 
6 Totally 
Eclipsed 
171.34(3) 3.4164(8) 3.953(4) This work 
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CHAPTER 3. Magnetic Exchanges in Quasi-1D Chains of [PtM(SAc)4] with 
Pyrazine and DABCO 
3.1. Introduction 
 As discussed in Chapter 1, compounds that display both slow magnetic relaxation 
and magnetic hysteresis characteristics are an area of high interest in synthetic and 
physical inorganic chemistry.  The earliest of these compounds were the single-molecule 
magnets (SMMs), the first of which, [Mn12O12(OBz)16(OH2)4], was reported in 1988.
8,12  
In the quarter-century since, there has been significant research into SMMs with the goal 
of increasing the blocking temperature and slowing relaxation.2,129 
 The existence of single-chain magnets (SCMs) was first predicted by Glauber in 
1963,21 but the first experimental evidence wasn’t obtained until 2001.22 Similar to 
SMMs, SCMs display high magnetic relaxation barriers, slow magnetic relaxation, and 
magnetic hysteresis below the blocking temperature, TB,
21-23 which has led to their study 
for potential applications in quantum computing2,130 and information storage.131  
Magnetic relaxation in SCMs is due to the magnetic exchange interaction between 
individual magnetic units.23 This mechanism is in contrast to that in SMMs, in which 
application of a magnetic field populates the MS = -S state, and upon removal of the 
magnetic field, relaxation is manifest in repopulation of the MS = S state.
2  
 Based on the theory presented by Glauber21 and the experimental reports of the 
past fifteen years, SCMs are known to require three critical components.132-134 First, a 
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paramagnetic ground state, which necessitates careful selection of chain components and 
their spin states, is necessary.  Second, the chain must be magnetically isolated to prevent 
orthogonal 2D or 3D interactions.  Third, the individual magnetic unit must have 
significant magnetic uniaxial anisotropy, which is achieved by the choice of metal ion 
(often Co2+ (d7), Mn3+ (d4), Dy3+ (f9).  The first SCM22 contained Co2+ organized into a 
1D array by a radical bridging ligand (NITPhOMe = 4'-methoxy-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide) (Figure 1.4 and Scheme 3.1) and many 
researchers have followed this motif, using mixtures of metal ions and radical bridges 
such as nitronylnitroxides133 or reduced TCNQ27 and its derivatives.28 Despite the 
prevalence of these heterospin systems, which contain multiple spin carriers in the radical 
bridges and metal ions, several homospin SCMs have been reported, including Mn2+ (d5), 
Co2+ (d7), or Ni2+ (d8) centers bridged by azide132 and Mn(II) or Co(II) centers bridged by 
hydroxide.134  A selection of bridging ligands used to prepare SCMs, including 
azide,135,136 cyanide,29,30 oxalate,31 oxamate,32,33 and diphosphinate,23 in addition to those 
previously mentioned, as well as the ligands used in this chapter, are included in Scheme 
3.1. 
The organization of homobimetallic paddlewheel complexes into 1D systems has 
been the subject of much research effort, and both pyrazine and DABCO (1,4-
diazabicyclo[2,2,2]octane) have been used to this end.  These two ligands are proposed to 
be ideal ligands for the formation of linear, quasi-1D chains due to their axial, bidentate 
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binding character. In addition, much research has been done into the molecular orbital 
basis for magnetic coupling through these ligands.137 Both ligands feature two lone pairs 
separated by three σ bonds, as shown in Scheme 3.2. Pyrazine also features a π system,  
               
Scheme 3.1. a) Examples of bridging ligands used in SCMs.  b) Ligands used in this 
chapter. 
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but it has been predicted that the σ system would be better at facilitating magnetic 
communication.137 Each ligand also features lone pairs that can interact through the 
empty σ* orbitals running through the compound.138 
Magnetic exchange in a quasi-1D chain bridged by pyrazine was first reported in 
1971,139 in the chain composed of [Cu(NO3)2(pyz)]∞ units that displayed an 
antiferromagnetic exchange of J = -6 cm-1.  In the decades since, pyrazine has been used 
to link lantern complexes with {Cu2},
140 {Cr2},
141 {Rh2},
142-144 and {Mo2}
145 cores into 
quasi-1D chains.  Only in the case of [Cu2(OAc)4(pyz)]∞ was any magnetic 
characterization reported, and the inter-lantern exchange was very small (J’ = -0.1 cm-1) 
compared to the intra-unit exchange (J = -325 cm-1).140  Similarly, DABCO has been 
used to bridge {Cu2},
146-150 {Cd2},
147 {Zn2},
147 {Mo2},
145 and {Rh2}
151 based lanterns into 
quasi-1D geometries.  In these cases, no magnetic exchange across DABCO was 
observed.  In addition to these quasi-1D materials, DABCO has been used as a bridging 
ligand in metal organics frameworks (MOFs), linking {Co2},
152 {Ni2},
153 {Cu2},
154 and 
{Zn2}
152,154 based paddlewheel units.  For these MOFs no magnetic characterization has 
been reported to date. 
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Scheme 3.2. Molecular orbitals on pyrazine and DABCO.  Reproduced with authors 
permission from reference [47]. 
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The Doerrer group has developed a family of heterobimetallic lanterns of the form 
[PtM(SOCR)4L], which feature Pt and a 3d metal linked by four thiocarboxylate groups 
with homoleptic {PtS4} and {MO4} coordination.
35,38,39,50,155 We have previously 
reported compounds with M=Cr,155 Mn,155 Fe,35 Co,35,38,39,155 Ni,35,38,39,155 Zn,35,38,39,50,155 
and the axially ligated L=H2O,
35,38,50 pyridine derivatives,38,39 NCS-,155 and donating 
solvents (DMSO, DMF).39 Recently, we described155 an example of a quasi-1D zig-zag 
chain (Figure 2.7) of heterobimetallic lantern structures containing Cr3+ bridged by NCS- 
in [PtCr(tba)4(NCS)]∞, but electrostatic barriers prevented the assembly of anionic 
[PtMII(SOCR)4(NCS)]
- units into extended arrays.  The [PtM(SAc)4(pyz)]∞ family of 
compounds (M=Co, 9; Ni, 10; Zn) has also been prepared.37 In addition, an attempt to 
produce extended structures using Cl- bridges by oxidation of (PPN)[PtNi(tba)4Cl] was 
unsuccessful, and resulted in the discrete molecular species [ClPtNi(tba)4(OH2)],
96 after 
an intramolecular ligand exchange of Cl- from Ni to Pt. 
In addition to the heterobimetallic lanterns that the Doerrer group has prepared, 
we have also recently reported a family of compounds based on the [Ni2(SOCR)4(L)] (R 
= CH3, Ph) unit, with either bridging ligands (L = DABCO, pyz) or a terminal ligand (L = 
quinuclidine).49  The carboxylate ligands bind in a homoleptic fashion yielding a low-
spin {NiS4} center and a high-spin {NiO4} center.  In some homobimetallic lanterns with 
asymmetric ligands, cis-{MS2O2} coordination has been observed as in 
[Mo2(tba)4(OPPh3)].
156 The quasi-1D arrangements formed with DABCO and pyrazine 
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show only very weak (J = -0.1 cm-1) antiferromagnetic interactions between lantern 
units.49 
We have selected these heterobimetallic lantern complexes with anisotropic 
structures to engender the necessary properties for an SCM. This system is a versatile 
scaffold that allows for the incorporation of various paramagnetic metal ions in the 
{MO4} site and bridging (or terminal, for control studies) ligands and has in the past 
displayed strong inter-lantern magnetic interactions. For example, several of the {PtM} 
lanterns that we have reported crystallize with a Pt…Pt metallophilic interaction, which 
facilitates strong anti-ferromagnetic coupling.35,38 In the case of [PtM(tba)4(OH2)], the 3d 
metal atoms are  antiferromagnetically coupled with J = -60 cm-1 for M = Ni and J = -10 
cm-1 for M=Co.35 Similar values of -50.8 (Ni) and -12.7 (Co) cm-1 were observed in the 
[PtM(SAc)4(OH2)] analogs, while weaker coupling constants of -12.6 (Ni) and -6.0 (Co) 
were observed in [PtM(SAc)4(pyNO2)].
38 The previously mentioned [PtCr(tba)4(NCS)]∞ 
displays an intrachain ferromagnetic interaction that supersedes the inter-chain 
interactions.155 In the cases of [Ni2(SOCR)4(L)], mentioned above, there is only limited 
intra-chain coupling, while no inter-chain coupling was detected.49 The use of 
heterobimetallic lantern complexes in SCM design provides a new, facile method for 
organizing isolated spin centers into 1D arrays that are well isolated in the orthogonal 
directions. 
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 This chapter contains the synthesis and characterization of three distinct groups of 
lantern complexes. The first two, {[PtM(SAc)4(pyz)](pyz)}∞ and 
{[PtM(SAc)4]2[DABCO]}∞, form linear, quasi-1D chains, and the last, 
[PtM(SAc)4(quin)], (quin = quinuclidine), exists as discrete molecular species. In 
preliminary magnetic characterization, {[PtCo(SAc)4(pyz)](pyz)}∞  shows slow magnetic 
relaxation and represents, to the best of our knowledge, the first example of a quasi-1D 
chain composed of lantern units bridged in a 1D array to display this behavior. To date, 
this behavior has not been reproduced, and changes over time, as discussed in detail 
below. The other two families of compounds display distinct magnetic behavior, 
featuring antiferromagnetic exchange across the metallophilic {MPt}…{PtM} contact in 
the case of {[PtM(SAc)4]2[DABCO]}∞ and isolated spin centers in the case of  
[PtM(SAc)4(quin)].  
3.2. Experimental 
3.2.1. Materials and Methods 
 A series of literature procedures were used to prepare potassium 
tetrachloroplatinate (K2PtCl4) from platinum metal as described in Chapter 2.
99-101 
[PtM(SAc)4(OH2)] (M = Co, Ni, Zn) were prepared by the published methods
38 and 
[PtM(SAc)4(pyz)]∞ (M = Co, 9; Ni, 10) were reported earlier.
37 All other reagents were 
obtained commercially and used without further purification.  UV-vis-NIR spectra were 
measured with a Shimadzu UV-3600 spectrometer.  Diffuse reflectance UV-vis-NIR 
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spectra were collected with a Harrick Praying Mantis attachment and were analyzed with 
the Kubelka-Munk transformation.102,103 1H- and 13C{1H}-NMR spectra were recorded on 
a Varian 500 MHz spectrometer and referenced to the residual protio solvent.  Elemental 
analyses were performed by Atlantic Microlab Inc. (Norcross, GA). 
3.2.2. Synthetic Procedures 
 {[PtCo(SAc)4(pyz)](pyz)0.25}∞ (11). [PtCo(SAc)4(OH2)] (137.9 mg, 0.241 mmol) 
was dissolved in minimal acetone and diluted to 40 mL with CH2Cl2, yielding a pale 
purple solution.  Separately, pyrazine (46.3 mg, 0.482 mmol) was dissolved in a 50:50 
mixture of acetone:CH2Cl2.  The two solutions were mixed, yielding a pale pink/orange 
solution.  The reaction mixture was refluxed for 2 h, then allowed to cool to room 
temperature and stirred overnight.  The solvent was removed on a Schlenk line, yielding a 
pale red powder (53.5 mg, 35 %). Red crystals (45.0 mg, 30 %) suitable for X-ray 
analysis are grown by dissolving the red powder in a solution of pyrazine dissolved in 
CH2Cl2 and allowing the solvent to slowly evaporate at 9° C. Anal. Calcd. for 
PtCoS4O4C12H16N2·(N2C4H4): C, 26.89; H, 2.82; N, 7.84. Anal. Calcd. for 
PtCoS4O4C12H16N2·(N2C4H4)0.25: C, 23.86.; H, 2.62; N, 5.35. Found: C, 23.93; H, 2.57; 
N, 5.17. 
{[PtNi(SAc)4(pyz)](pyz)0.8}∞ (12). 12 is prepared by a similar method to 11, by 
substituting [PtNi(SAc)4(OH2)] (137.9 mg, 0.241 mmol) for [PtCo(SAc)4(OH2)].  Upon 
removal of the solvent, a pale green powder is obtained (109.0 mg, 71 %).  Green crystals 
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suitable for X-ray analysis (75.9 mg, 50 %) are grown by dissolving the green powder in 
a solution of pyrazine dissolved in CH2Cl2 and allowing the solvent to slowly evaporate 
at 9° C. Anal. Calcd. for PtNiS4O4C12H16N2·(N2C4H4): C, 26.90; H, 2.82; N, 7.84. Anal. 
Calcd. for PtNiS4O4C12H16N2·(N2C4H4)0.8: C, 26.14; H, 2.77; N, 7.22. Found: C, 26.30; 
H, 2.73; N, 7.17. 
{[PtCo(SAc)4]2(DABCO)}∞ (13). A portion of [PtCo(SAc)4(OH2)] (137.9 mg, 
0.241 mmol) was dissolved in minimal acetone, yielding a purple solution.  Separately, a 
solution of DABCO (14.1 mg, 0.121 mmol) in CH2Cl2 was prepared and chilled to 9C. 
A mixture of 50:50 acetone:CH2Cl2 was layered onto the DABCO solution, followed by 
the [PtCo(SAc)4(OH2)] solution.  The mixture was stored at 9°C while the two reactants 
diffused together.  Dark purple fern-shaped crystals (110.0 mg, 74% yield) suitable for X-
ray analysis grow within two days.  Anal. Calcd. for C22H36N2O8S8Co2Pt2: C, 21.64%; H, 
2.97%; N, 2.29%. Found: C, 21.77%; H, 2.94%; N, 2.35%.  UV-vis-NIR (diffuse 
reflectance) (λmax, nm (k/s)): 279 nm (37.2), 496 nm (1.0), 587 nm (0.4), 1244 nm (0.08). 
{[PtNi(SAc)4]2(DABCO)}∞ (14). 14 is prepared by a similar method to 13, by 
substituting [PtNi(SAc)4(OH2)] (137.9 mg, 0.241 mmol) for [PtCo(SAc)4(OH2)] in the 
reaction with DABCO (14.6 mg, 0.121 mml). Green fern-shaped crystals (71.2 mg, 44% 
yield) suitable for X-ray analysis grow from the layered reactants within two days.  Anal. 
Calcd. for C22H36N2O8S8Ni2Pt2: C, 21.65%; H, 2.97%; N, 2.30%. Found: C, 21.94%; H, 
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2.85%; N, 2.36%.  UV-vis-NIR (diffuse reflectance) (λmax, nm (k/s)): 279 (81.8), 669 
(1.0), 1236 (1.2). 
{[PtZn(SAc)4]2(DABCO)}∞ (15). 15 is prepared by a similar method to 13, by 
substituting [PtZn(SAc)4(OH2)] (138.0 mg, 0.241 mmol) for [PtCo(SAc)4(OH2)] in the 
reaction with DABCO (13.4 mg, 0.121 mmol). Yellow fern-shaped crystals (39.8 mg, 
25% yield) grow from the layered reactants within two days. Anal. Calcd. for 
C22H36N2O8S8Pt2Zn2: C, 21.41%; H, 2.94%; N, 2.27%. Found: C, 21.63%; H, 2.85%; N, 
2.26%. UV-vis-NIR (diffuse reflectance) (λmax, nm (k/s)): 279 (1.0). 
[PtCo(SAc)4(quin)] (16). [PtCo(SAc)4(OH2)] (137.9 mg, 0.241 mmol) was 
dissolved in 10 mL acetone, yielding a purple solution. Quinuclidine (58.0 mg, 0.482 
mmol) is dissolved in minimum acetone and added. The solution immediately turns to a 
dark magenta color and is stirred for 6 h. The solvent was removed on a Schlenk line and 
the remaining material was triturated with hexanes, yielding a bright magenta powder. 
Hexanes is used to wash the powder to a frit, and it is dried in vacuo overnight before 
massing (96.5 mg, 60 % yield). Magenta block-shaped crystals suitable for X-ray 
analysis were grown by layering a concentrated solution in diethyl ether with hexanes.  
Anal. calcd. for C15H25NO4S4CoPt: C, 27.11%; H, 3.64%; N 2.11%.  Found: C, 27.37%; 
H, 3.70%; N, 2.12%.  UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1 M-1)): 253 (27,700), 508 
(56.3), 529 (43.5), 1346 (5.3). μeff (Evans method, CH2Cl2): 4.43. 
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[PtNi(SAc)4(quin)] (17). To obtain 17, [PtNi(SAc)4(OH2)] (137.9 mg, 0.241 
mmol) was substituted for [PtCo(SAc)4(OH2)] in the preparation of 16 with quinuclidine 
(54.7 mg, 0.482 mmol), yielding a light green powder (88.9 mg, 55% yield). Green 
crystals suitable for X-ray analysis were grown by layering a concentrated solution in 
diethyl ether with hexanes.  Anal. calcd. for C15H25NO4S4NiPt : C, 27.12%; H, 3.64%; N 
2.11%.  Found: C, 27.30%; H, 3.57%; N, 2.21%.  UV-vis-NIR (CH2Cl2) (λmax, nm (εM, 
cm-1 M-1)): 263 (46,400), 340s (3100), 699 (14.7), 1247 (10.4). μeff (Evans method, 
CH2Cl2): 3.01. 
[PtZn(SAc)4(quin)] (18). To obtain 18, [PtZn(SAc)4(OH2)] (138.0 mg, 0.241 
mmol) was substituted for [PtCo(SAc)4(OH2)] in the preparation of 16 with quinuclidine 
(58.1 mg, 0.482 mmol), yielding a white powder (79.1 mg, 49%). Colorless crystals 
suitable for X-ray analysis were grown by layering a concentrated solution in diethyl 
ether with hexanes.  Anal. calcd. for C15H25NO4S4PtZn : C, 26.85%; H, 3.61%; N 2.09%.  
Found: C, 26.98%; H, 3.53%; N, 2.10%.  UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1 M-
1)): 270 (21400). 1H NMR, (δ, ppm, {CH2Cl2}): 3.25 (t, 
3J = 8.0 Hz, 6 H,  
-N(CH2CH2)3CH), 2.33 (s, 12 H, SOCCH3), 1.70 (td, 
3J = 8.0 Hz, 2.8 Hz, 6 H,  
-N(CH2CH2)3CH), 1.53 (broad s, 1 H, -N(CH2CH2)3CH).
 13C{1H} NMR, (δ, ppm, 
{CH2Cl2}): 214.79 (s, SOCCH3), 48.88 (s,  -N(CH2CH2)3CH), 33.15 (s, SOCCH3), 26.08 
(s, -N(CH2CH2)3CH), 20.66 (s, -N(CH2CH2)3CH). 
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3.2.3. X-Ray Crystallography 
X-Ray crystallography analysis was performed by Dr. Jeffrey Bacon (11) at 
Boston University and Prof. Arnold Rheingold (12-14, 16-18) at the University of 
California-San Diego. Suitable crystals of 11-14 and 16-18 were selected and data were 
collected on a Bruker APEX-II CCD diffractometer. The crystals were kept at 100 K 
during data collection. Using Olex2,157 the structures were solved with the XT158 
structure solution program using Direct Methods and refined with the XL159 refinement 
package using Least Squares minimization.  X-ray collection parameters are included in 
Table 3.1. 
3.2.4. Magnetic Measurements 
 Evans method104,105 solution susceptibility measurements were performed for 16 
and 17.  1H NMR spectra were collected on a Varian 500 MHz spectrometer.  Solutions 
were prepared with CD2Cl2 doped with hexamethyldisiloxane, and the change in 
chemical shift was measured for both the protio solvent and the CH3 protons of the 
hexamethyldisiloxane. 
Magnetic susceptibility measurements for 9-14 were obtained by Prof. Matthew 
Shores’ group with the use of a Quantum Design MPMS-XL SQUID magnetometer 
housed at Colorado State University, Fort Collins, Colorado.  Measurements were made 
on solid crystalline samples sealed in a 1 cm × 1.5 cm polyethylene bag and inserted into 
a clear plastic straw.  Data were collected between 1.8 K and 300 K for dc applied fields 
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ranging from -5 T to 5 T.  The absence of ferromagnetic impurities was confirmed by 
observing no deviations from linearity in the field scan of magnetization obtained at 100 
K. The magnetic data were corrected for the magnetization of the sample holder by 
subtracting the signal from the sample holder and for diamagnetic contributions of the 
sample by using Pascal’s constants.  
3.3. Results and Discussion 
3.3.1. Synthesis and Structure 
 Compounds 11-18 were obtained from the previously reported [PtM(SAc)4(OH2)] 
lantern compounds, as shown in Scheme 3.3.  Compounds 11-14 and 16-18 have been 
crystallographically characterized, and collection parameters are listed in Table 3.1.  
Selected bond distances and angles are collected in Table 3.2. 
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Scheme 3.3. Synthesis of {[PtM(SAc)4(pyz)](pyz)}∞ (M = Co, 11; Ni, 12), 
{[PtM(SAc)4]2(DABCO)}∞ (M = Co, 13; Ni, 14; Zn, 15), and [PtM(SAc)4(quin)] (M = 
Co, 16; Ni, 17; Zn, 18).  
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Compounds 11 and 12 were prepared by a modification of the method to the 
previously obtained 9, [PtCo(SAc)4(pyz)]∞, and 10, [PtNi(SAc)4(pyz)]∞, that increased 
the amount of pyrazine in the recrystallization solution.  Each structure is composed of 
lantern units bridged into linear, quasi-1D chains, with the main difference between 9-10 
and 11-12 being an additional equivalent of pyrazine in the lattice in 11 and 12. 
 The presence of an additional equivalent of pyrazine in the lattice for 11 causes 
only slight differences within the lantern from 9 in the crystal structure. The structure of a 
single unit is included in Figure 3.1. The packing diagrams for both 9 and 11 are shown 
in Figure 3.2. A single chain of each is depicted in Figure 3.3, and the packing of the 
chains of 11 is shown in Figure 3.4. The Pt-Co distance in 11 is 2.588(1) Å, which is 
very close to the Pt-Co distance in 9 of 2.5882(19) Å. Similarly, the Co-N distance is 
nearly identical, with a distance of 2.111(5) Å in 11 compared to a distance of 2.154(7) Å 
in 9.  Each of these distances is within the range of distances typically observed for a 
{CoO4}-Npyz bond, which averages 2.15(4) Å based on 30 compounds in the Cambridge 
Structural Database.106-108 The lantern units are linked in a quasi-1D chain by a Pt-N 
interaction with a distance of 2.676(6) Å, which is quite long for a Pt-Npyz bond in the 
literature but is quite comparable to the same distance in 9 (2.65(1) Å). The CSD106-108 
contains 32 compounds that feature a Pt-Npyz bond, averaging 2.03(4) Å, but those 
compounds are largely four-coordinate at Pt. The only six-coordinate Pt atoms are Pt(IV). 
A more substantial difference between 11 and 9 can be seen in O-Co-N-C torsion angle,  
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Figure 3.1. ORTEP of the repeating unit of {[PtCo(SAc)4(pyz)](pyz)}∞, 11.  Ellipsoids 
are drawn at the 50 % level and hydrogen atoms are omitted for clarity.  
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Figure 3.2. Packing diagrams viewed down the Pt-M axis for (top) 
{[PtCo(SAc)4(pyz)](pyz)}∞, 11 and (bottom) [PtCo(SAc)4(pyz)]∞, 9.  
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Figure 3.3. ORTEP of the individual chains for (top) {[PtCo(SAc)4(pyz)](pyz)}∞, 11, 
and (bottom) [PtCo(SAc)4(pyz)]∞, 9.  Ellipsoids are drawn at the 50% level and hydrogen 
atoms are omitted for clarity. 
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Figure 3.4. Side-view of the packing diagram of {[PtCo(SAc)4(pyz)](pyz)}∞, 11, 
displaying the individual chains.  
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which is 44.4(6)° in 11 and only 13.8(5)° in 9, which suggests that interactions with 
isolated, with its closest contact to the [PtCo(SAc)4(pyz)] unit being a Hpyz
…OSAc distance 
of 2.676(5) Å. The clathrated pyrazine also serves as a spacer between the individual 
chains.  The shortest inter-chain Co…Co distance in 9 is 7.965(2) Å, but is increased to 
10.827(1) Å in 11. 
 Just as 9 and 11 contain comparable bond distances, the structures of 10 and 12 
are also very similar.  The structure of 12 is shown in Figure 3.5 and the packing 
diagrams for both 10 and 12 are shown in Figure 3.6. A single chain of each is shown in 
Figure 3.7 and a side-view of the packing diagram of 12 is shown in Figure 3.8. The Pt-
Ni distance is 2.5567(8) Å for 12, compared to 2.539(3) Å for 10.  These distances are 
slightly shorter than the Pt-Co distances in their Co analogues, which is consistent with 
previously reported lantern structures for both metals.35,38,39,155  The Ni-N distance of 
2.071(6) Å for 12 is consistent with both the distance in 10 (2.061(11) Å) and with what 
is typically observed for a Ni-Npyz bond (24 compounds in the CSD have an average Ni-
N distance of 2.08(2) Å).106-108  These distances are slightly shorter than what was 
observed for [Ni2(SAc)4(pyz)]∞, which has a {NiO4}-N distance of 2.126(10) Å and a 
{NiS4}-N distance of 2.240(10) Å.
49  In contrast, the Pt-N interaction (2.596(5) Å for 12, 
2.68(2) Å for 10) with the six-coordinate Pt atom is increased compared to a typical Pt-
Npyz distance on a four-coordinate Pt center.  As with 9 and 11, the O-Ni-N-C torsion is 
quite different between 10 and 12, with a dihedral angle of 44.7(5)° for 10 and 17.8(8)° 
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for 12.  The clathrated pyrazine is again well isolated, with its closest contact again being 
a Hpyz
…OSAc distance of 2.602(5) Å.  The chains are again more isolated from each other 
with the additional pyrazine, with the shortest inter-chain Ni-Ni distance being increased 
from 7.974(2) Å in 10 to 10.714(1) Å in 12. 
 Elemental analysis data, as well as the magnetic characterization detailed below, 
reveal that the clathrated pyrazine is easily removed under vacuum and is also removed 
over time even in the absence of a vacuum. Although both 11 and 12 crystallize with one 
equivalent of pyrazine per lantern unit, elemental analysis for 11 suggests the loss of 0.75 
equivalents of pyrazine after drying in vacuo, while results for 12 suggest the loss of 0.2 
equivalents.  
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Figure 3.5. ORTEP of the repeating unit of {[PtNi(SAc)4(pyz)](pyz)}∞, 12.  Ellipsoids 
are drawn at the 50 % level and hydrogen atoms are omitted for clarity.  
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Figure 3.6. Packing diagrams viewed down the Pt-M axis for (top) 
{[PtNi(SAc)4(pyz)](pyz)}∞, 12 and (bottom) [PtNi(SAc)4(pyz)]∞, 10. 
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Figure 3.7. ORTEPs of the individual chains for (top) {[PtNi(SAc)4(pyz)](pyz)}∞, 12, 
and (bottom) [PtNi(SAc)4(pyz)]∞, 10. Ellipsoids are drawn at the 50% level and hydrogen 
atoms are omitted for clarity. 
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Figure 3.8. Side-view of the packing diagram of {[PtNi(SAc)4(pyz)](pyz)}∞, 12, 
displaying the individual chains.  
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 Compounds 13-15 were also made from freshly prepared [PtM(SAc)4(OH2)] and 
were crystallized directly from the reaction mixtures.  Once formed, 13-15 are completely 
insoluble in common organic solvents, and therefore, in order to grow diffraction-quality 
crystals the reactants were allowed to mix as slowly as possible. The two solvents CH2Cl2 
and acetone were chosen due to their favorable solubility (both reactants are soluble in 
each solvent) and because their differing densities allowed for the slow diffusion of the 
reactants. The reaction was monitored by checking the diffusion of the colored lantern 
layer into the colorless DABCO layer.  Crystals begin to form within one day, and the 
reactants have completely mixed within three.  Due to the four-fold symmetry of the 
lantern unit compared to the three-fold symmetry of DABCO, there was quite a bit of 
crystallographic disorder in the DABCO ligand for all three compounds.  In 13 and 14 
this disorder was resolved, but in 15 only a connectivity model could be obtained from 
crystallographic analysis.  The 2:1 lantern:bridge ratio, discussed below, was obtained 
even if the stoichiometry of the reactants was pushed to favor a 1:1 ratio, likely due to the 
very low solubility of the 2:1 product. Future studies of the order of addition will attempt 
to saturate initially each Ni center with DABCO to prevent such bridging.   
 The crystal structure of the monomeric unit of 13 is shown in Figure 3.9. The 
quasi-1D chain is shown in Figure 3.10 and the packing diagram is shown in Figure 
3.11.  The structure contains only one unique lantern unit, with a Pt-Co distance of 
2.6338(6) Å.  This distance is typical for this family of compounds, which have  
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Figure 3.9. ORTEP of the repeating unit of {[PtCo(SAc)4]2(DABCO)}∞, 13.  Ellipsoids 
are drawn at the 50 % level and hydrogen atoms are omitted for clarity. The two lantern 
units shown are crystallographically identical.   
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Figure 3.10. ORTEP of the quasi-1D connection of {[PtCo(SAc)4]2(DABCO)}∞, 13, 
linked by short Pt…Pt metallophilic contacts. Ellipsoids are drawn at the 50 % level and 
hydrogen atoms are omitted for clarity.  
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Figure 3.11. Packing diagram for {[PtCo(SAc)4]2(DABCO)}∞, 13, viewed (top) down 
the Pt-M axis and (bottom) parallel to the Pt-M axis. 
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previously ranged only from 2.6223(9) Å (for L=DMSO)39 to 2.669(1) (for L=NCS-).155  
Two crystallographically related lantern units are bridged by a DABCO ligand in a ratio 
of two ligands to one lantern. Similarly, there is only one unique Co-N distance (2.158(3) 
Å) which is typical for a Co-NDABCO distance, which averages 2.2(1) Å in 16 examples in 
the CSD.106-108  This 2:1 unit is linked into a quasi-1D chain by a close metallophilic 
Pt…Pt interaction of 3.1204(4) Å. This distance is comparable to the analogous distance 
in [PtCo(SAc)4(OH2)] (3.1261(3) Å)
38 and is slightly longer than in [PtCo(tba)4(OH2)] 
(3.0650(3) Å).35 The interaction between these two {PtS4} species is best categorized as a 
“staggered” geometry, from among the four different motifs seen to date.39,155 This 
geometry is characterized by a short Pt…Pt interaction and eight mutually staggered 
thiocarboxylate ligands. The S-Pt-Pt-S torsion angle is 45.59(3)° and alternates within 
every repeating unit. These quasi-1D chains pack running alongside each other, as shown 
in Figure 3.11, and which leads to three unique Co…Co distances.  The two shorter 
distances are intra-chain distances, with the shortest being 6.9141(7) Å across the 
DABCO ligand and the other being a 8.3880(7) Å distance across the Pt…Pt interaction.  
The shortest inter-chain Co…Co distance is 9.8480(3) Å.   
 Compound 14, as shown in Figure 3.12 (individual unit) and Figure 3.13 (1D 
connectivity), is isostructural with 13, and again has only one crystallographically unique 
lantern.  The Pt-Ni distance (2.6054(15) Å) is, as expected, slightly shorter than the 
analogous Pt-Co distance, and the Ni-N distance is quite typical (2.073(9) Å). There are 
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22 examples in the CSD with a Ni-NDABCO bond, which average a bond distance of 2.1(1) 
Å.106-108 The Pt…Pt interaction again links these 2:1 units into a quasi-1D chain, with a 
distance of 3.0944(10) Å, and like 13 the interaction is best described by the staggered  
 
Figure 3.12. ORTEP of the repeating unit of {[PtNi(SAc)4]2(DABCO)}∞, 14.  Ellipsoids 
are drawn at the 50 % level and hydrogen atoms are omitted for clarity.  The two lantern 
units shown are crystallographically identical.  
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Figure 3.13. ORTEP of the quasi-1D chain of {[PtNi(SAc)4]2(DABCO)}∞, 14, linked by 
a short metallophilic Pt…Pt contact.  Ellipsoids are drawn at the 50 % level and hydrogen 
atoms are omitted for clarity.   
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Figure 3.14. Packing diagram for {[PtNi(SAc)4]2(DABCO)}∞, 14, viewed (top) down the 
Pt-M axis and (bottom) parallel to the Pt-M axis.  
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geometry, with a S-Pt-Pt-S torsion angle of 46.36(8)°. The chains again pack running 
alongside each other, leading to three unique Ni…Ni distances, shown in Figure 3.14. 
The three distances are 6.843(2) Å (across DABCO), 8.306(3) Å (across the Pt…Pt 
interaction), and 9.835(3) Å (the shortest inter-chain distance). 
Compounds 16-18 were prepared by a very similar method to what has been 
previously used to coordinate terminal ligands.  The freshly prepared lantern complex is 
dissolved in acetone, and the reaction proceeds immediately upon the addition of 
quinuclidine. Quinuclidine was chosen as a terminal analogue of DABCO. In the case of 
16, an obvious color change from light purple to a more intense magenta is seen 
immediately. No significant color change is visible for 17 (which maintains a green 
color) or 18 (colorless). In each case, some solid material may begin to precipitate 
immediately due to the lower solubility of the product. The powder that is recovered after 
removal of the reaction solvent is soluble in most organic solvents. Although 16-18 are 
soluble in a broader range of solvents than previous compounds in this family, the 
relative amount that can be dissolved per mL of solvent is quite low. Crystals are grown 
from diethyl ether/hexanes, and begin to grow overnight. 
 Compound 16 crystallizes as a monomer with one crystallographically unique 
lantern ligated by a terminal quinuclidine ligand. Its intra-lantern bond distances are quite 
typical, with a Pt-Co distance of 2.6487(5) Å and a Co-N distance of 2.144(3) Å.  The Pt-
Co distance fits in the range of distances for this family of compounds, as discussed 
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above. Quinuclidine has received relatively little use as a terminal capping ligand. There 
are only seven compounds that feature a late first-row transition metal coordinated to 
quinuclidine, which averaged a M-N bond distance of 2.13(7) Å.106-108 The crystal 
structure of 16 is shown in Figure 3.15. 
 Compounds 17 and 18 have a similar structure to 16 and all three are isostructural 
with each other, with Pt-M distances of 2.6026(5) Å (for 17) and 2.6815(5) Å (for 18).  
The Pt-Ni distance for 17 is shorter than the Pt-Co distance for 16, which is again 
consistent with previously reported compounds.  Typically, the Pt-Zn distances are either 
the longest of the three (as is the case here) or between those of the Co and Ni analogues. 
The M-N distances have the same subtle differences from 16, with a Ni-N distance of 
2.113(3) Å in 17 and a Zn-N distance of 2.096(2) Å in 18. The distance in 17 is 
comparable to the Ni-Nquin distance of 2.1238(16) Å in [Ni2(tba)4(quin)].
49 The structures 
for 17 and 18 are shown in Figures 3.16 and 3.17 respectively.  
 This series represents a new type of inter-lantern interactions for this family of 
compounds.  Previously,39,155 all compounds with a terminal ligand were split into four 
categories: (i) staggered, which was discussed above for 13; (ii) totally eclipsed, with a 
close Pt…Pt interaction and all ten atoms in the {PtS4}-{PtS4} pair aligned pair-wise; (iii) 
partially eclipsed, in which the Pt-S bonds are somewhat eclipsed but the M-Pt-Pt angle 
is offset by about 160°; and (iv) square, in which the two Pt atoms and only two 
thiocarboxylate S atoms form a square.  Scheme 2.2 explains these categories with metric  
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Figure 3.15. ORTEP of the crystal structure of [PtCo(SAc)4(quin)], 16.  Ellipsoids are 
drawn at the 50 % level and hydrogen atoms are omitted for clarity. 
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Figure 3.16. ORTEP of [PtNi(SAc)4(quin)], 17.  Ellipsoids are drawn at the 50 % level 
and hydrogen atoms are omitted for clarity. 
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Figure 3.17. ORTEP of [PtZn(SAc)4(quin)], 18.  Ellipsoids are drawn at the 50 % level 
and hydrogen atoms are omitted for clarity. 
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Figure 3.18. ORTEP for [PtCo(SAc)4(quin)],  16, with four lanterns to show lack of 
Pt…Pt or Pt…S interactions. Compounds 17 and 18 are isomorphous. 
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parameters and examples.  In contrast, 16-18 have no close interactions between the Pt 
atom in one lantern and either a Pt atom or thiocarboxylate S atom from an adjacent 
lantern.  The closest intermolecular contact to the Pt atom comes from the H atoms on an 
adjacent lantern’s quinuclidine ligand. The closest contact is a Pt…H contact, which 
measures 2.9756(2) Å for 16, 2.9644(3) Å for 17, and 2.9675(2) Å for 18. The packing 
diagram of 16, which is representative for the series, is shown in Figure 3.18. 
3.3.2 Electronic Structure and Spectroscopy 
 Solution phase UV-vis spectra were collected for 16-18 and were as expected for 
compounds of this type based on previous data.35,38,39,155  Compounds 16 and 17 display 
absorbances in the NIR at 1346 (εM = 5.3 M
-1 cm-1) and 1247 (εM = 10.4 M
-1 cm-1) nm, 
respectively, that are assigned as metal-metal charge transfers,35 as well as absorbances in 
the visible range that are assigned to d-d transitions centered on the 3d metal.  For 16, 
these absorbances are observed at 508 (εM = 56.3 M
-1 cm-1) and 529 (εM = 43.5 M
-1 cm-1) 
nm, while for 17 the absorbance is at 699 (εM = 14.7 M
-1 cm-1) nm.  These wavelengths, 
as well as the molar absorptivities, are consistent with previously reported {PtM} lantern 
structures.   As expected, these transitions are not observed for 18 due to the d10 electron 
configuration of Zn.  All three of 16-18 display a strong absorbance in the UV that is 
assigned to a LMCT of S to Pt.50,155  These transitions are observed at 253 (εM = 27,700 
M-1 cm-1), 263 (εM = 46,400 M
-1 cm-1), and 270 (εM = 21,400 M
-1 cm-1) nm, respectively.  
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The visible and NIR range of the spectra for 16 and 17 are shown in Figure 3.19. The 
UV range of the spectra for 16-18 are shown in Figure 3.20. 
 Due to the insolubility of 13-15, solid-state diffuse reflectance UV-vis spectra 
were collected, and the data were analyzed using the Kubelka-Munk transformation.102,103   
Similar to 16-18, which are monomeric analogues, the observed transitions can be 
divided into three categories.  First, 13 and 14 display transitions in the NIR (13, 1244 
nm; 14, 1236 nm) and the visible range (13, 496 nm, 587 nm; 14, 669 nm) that are not 
seen in 15.  In addition, each displays a strong transition in the UV range that is located at 
279 nm for both 13 and 14, and is located 275 nm for 15.  The spectra for 13 and 14 are 
shown in Figures 3.21 and 3.22, respectively. Although there are close contacts that exist 
in the solid state when compared to the dilute solution environment for the spectra of 16-
18, there are not significant changes displayed in the UV-vis-NIR spectra. This is 
consistent with the spectra of 9 and 10, which are not spectroscopically distinct from the 
dimeric {[PtM(SAc)4]2(pyz)}.
37 
 
 
 
 
 
 
 
 
 
115 
 
Figure 3.19. Visible and NIR range of the electronic spectra for [PtCo(SAc)4(quin)], 16, 
and [PtNi(SAc)4(quin)], 17. 
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Figure 3.20. UV range of the electronic spectra for [PtCo(SAc)4(quin)], 16, 
[PtNi(SAc)4(quin)], 17, and [PtZn(SAc)4(quin)], 18.   
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Figure 3.21. Diffuse reflectance UV-vis spectra for {[PtCo(SAc)4]2(DABCO)}∞, 13. The 
inset displays an expansion of the visible and NIR range.  The feature at ~850 nm is an 
artifact of the instrument. 
  
 
 
 
 
 
 
 
 
118 
 
Figure 3.22. Diffuse reflectance UV-vis spectra for {[PtNi(SAc)4]2(DABCO)}∞, 14. The 
inset displays an expansion of the visible and NIR range.  The feature at ~850 nm is an 
artifact of the instrument. 
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3.3.3 Magnetic Measurements 
 Solution phase Evans method104,105 measurements were collected for 16 and 17 
and show μeff values of 4.43 and 3.01, respectively.  These values are both higher than the 
predicted spin only magnetic moment (3.88 and 2.83) as has been true for others in this 
family of lantern compounds.  Previously, the Co analogues have ranged from μeff = 4.61 
for L = py to 5.06 for L = NO2py.
39 The Ni analogues have ranged from μeff = 2.84 for L 
= OH2
38 to 3.22 for L = NCS.155 
 Solid state magnetic characterization was performed for 9 and 10 upon their initial 
report,37 and is summarized in Chapter 1.  Magnetic susceptibility measurements were 
performed for 11 and 12, and compared to 9 and 10, as shown in Figure 3.23.  These 
measurements were intended to reproduce the initial data for 9 and 10. The SCM 
behavior of 11 and 12 was probed by measuring the variable frequency out-of-phase ac 
susceptibility.  While 12 showed no slow magnetic relaxation, the results for 11 are 
shown in Figure 3.24. 
  To date, this initial discovery of slow relaxation has not been fully reproduced, 
and the behavior of the materials changes with time. An initial attempt to reproduce the 
data is shown in Figure 3.25, and the same samples behavior after one month is shown in 
Figure 3.26. While the measurement in Figure 3.25 does show slow magnetic relaxation,  
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Figure 3.23. Temperature dependence of magnetic susceptibilities for 
{PtM(SAc)4(pyz)}∞ (M = Co, 9, blue circles; Ni, 10, red circles) and 
{[PtM(SAc)4(pyz)](pyz)}∞ (M = Co, 11, blue squares; Ni, 12, red squares), collected at 
an applied field of 1000 Oe.  
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Figure 3.24. Initial measurement of variable frequency out-of-phase ac susceptibility for 
{[PtCo(SAc)4(pyz)](pyz)}∞, 11, with 4 Oe ac field in field range 0-4000 Oe. 
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Figure 3.25. Variable frequency out-of-phase ac susceptibility for 
{[PtCo(SAc)4(pyz)](pyz)}∞, 11, with 4 Oe ac field in field range 0-5000 Oe. Measured on 
a different sample of 11 from Figure 3.20. 
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Figure 3.26. Variable frequency out-of-phase ac susceptibility for 
{[PtCo(SAc)4(pyz)](pyz)}∞, 11, with 4 Oe ac field in field range 0-700 Oe. Omitted 
traces follow same trend as shown. Measured on the same sample as Figure 3.21 after 
approximately one month. 
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it is not to the same extent as in Figure 3.24. When this measurement was re-performed 
after one month (Figure 3.26), the sample no longer shows slow magnetic relaxation.   
 We hypothesize that this behavior is due to the loss of pyrazine. As discussed, the 
clathrated pyrazine was shown to be quite labile. This pyrazine acts as a spacer, keeping 
the individual chains separated and reducing any inter-chain magnetic interactions that 
would suppress SCM behavior. Upon loss of pyrazine, the measured samples would 
become a mixture of 9 and 11, and lose this SCM behavior as inter-chain magnetic 
interactions become stronger. Current studies are underway to test this hypothesis, by 
obtaining pure samples of 9 and testing for SCM behavior. The initially reported 
synthesis of 9 uses an excess of pyrazine and has been shown to generate a mixture of 9 
and 11, so a new synthetic route to 9 is currently being explored. 
 Solid state magnetic characterization was performed for 13 and 14. The field 
dependence of magnetization was probed at 100 K and 200 K and was linear for both 
compounds, which is consistent with paramagnetic compounds and a lack of significant 
ferromagnetic impurities.  The temperature dependence of magnetic susceptibility for 13 
and 14 is shown in Figure 3.27 and displays the paramagnetic nature of these 
compounds.  The χMT for 13 is 6.61 cm
3 K mol-1 at 300 K, and upon cooling a gradual 
decrease is observed until 135 K, where a discontinuity occurs and a steeper decrease 
occurs until 2 K, where the χMT reaches 0.08 cm
3 K mol-1.  Compound 14 follows a 
similar trend, as the room temperature χMT is 2.28 cm
3 K mol-1, which decreases to a 
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minimum of 0.02 cm3 K mol-1 at 2 K.  The discontinuity for each between 130-135 K is 
assigned to a phase change, likely either a rotation of the lantern units with respect to 
each other or a rotation of the DABCO bridge.  Again, significant crystallographic 
disorder was observed in the X-ray crystallographic data collected at 100 K.    
 These data are best fit when treated with a “dimer” model, also shown in Figure 
3.27, in which the magnetic exchange is across the Pt…Pt interaction with negligible 
interactions across the DABCO ligand or between chains.  Fitting with the Hamiltonian: 
?̂? = −2𝐽(𝑆𝐴 ∗ 𝑆𝐵) 
gives an antiferromagnetic exchange coupling of J = -10 cm-1 (for 13) or J = -32 cm-1 (for 
14).  We have previously demonstrated that this Pt…Pt interaction is capable of mediating 
antiferromagnetic interactions (J = -60 cm-1 for [PtNi(tba)4(OH2)], -10 cm
-1 for 
[PtCo(tba)4(OH2)],
35 -50 cm-1 for [PtNi(SAc)4(OH2)], -12 cm
-1 for [PtCo(SAc)4(OH2)],  
-12 cm-1 for [PtNi(SAc)4(pyNO2)], and -6 cm
-1 for [PtCo(SAc)4(pyNO2)]).
38  
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Figure 3.27. Temperature dependence of magnetic susceptibilities for 
{[PtM(SAc)4]2[DABCO]}∞ (M = Co, 13; Ni, 14) collected at applied fields of 1000 Oe. 
Temperature independent paramagnetism (TIP) has been subtracted from the data shown. 
Lines indicate current best fits to the data using a dimer model.  
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3.4. Conclusions 
 In summary, eight new compounds have been prepared and their composition 
thoroughly characterized.  These compounds include two new series of quasi-1D chains, 
which have distinct structural motifs. Compounds 9 and 10, which had been reported 
previously, form linear quasi-1D chains. A similar structure is seen in 11 and 12, with the 
addition of an extra equivalent of pyrazine that acts as a spacer between individual 
chains. This clathrated pyrazine is labile and is lost over time or under vacuum. 
Compounds 13-15 form chains composed of units of two lanterns and one bridging 
ligand linked into a quasi-1D architecture by close Pt…Pt interactions of these 
{(lantern)2(bridge)} trimers. Compounds 16-18 exist as discrete monomeric species, the 
first series in this family of {PtM} heterobimetallic lantern complexes without short 
Pt…Pt or Pt…L interactions.   
In addition to their distinct structures, these eight compounds show distinct 
magnetic behaviors. Magnetic characterization of 13 and 14 revealed an 
antiferromagnetic exchange between 3d metal centers that occurs primarily through the 
Pt…Pt interaction, due to a more favorable electronic pathway despite the longer M-M 
distance between lantern-bridge-lantern trimers than within.  Solution-phase magnetic 
characterization by Evans method shows that 16 and 17 act as isolated high spin metal 
centers, as is typical for the compounds of this family that do not form extended 
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structures. Compound 11 showed SCM behavior in preliminary measurements, but the 
magnetic properties change over time and have not been adequately reproduced.  
 Future studies in this direction will aim to isolate cleanly samples of 
[PtM(SAc)4(pyz)]∞ and {[PtM(SAc)4(pyz)](pyz)}∞ and reproduce the SCM behavior. To 
probe the impact of pyrazine as a spacer between chains, the use of other spacers such as 
benzene or naphthalene will be investigated. In addition to added chemical spacers, the 
use of lanterns with either tba or SOCpip (see Chapter 5) backbones would result in 
chains being spaced farther apart and will be investigated as well.  
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Table 3.1. Summary of X-ray crystallographic data collection parameters 
Compound 11 12 13 14 
Formula C16H20N4O4 
S4PtCo 
C16H20N4O4 
S4PtNi 
C22H36N2O8 
S8Pt2Co2 
C11H18NO4  
S4PtNi 
Formula Weight 714.62 714.40 1221.05 610.30 
Crystal System monoclinic monoclinic orthorhombic orthorhombic 
Space Group P21/m P21/m Fddd Fddd 
a, Å 8.2336(3) 8.1793(8) 15.3021(3) 15.149(3) 
b, Å 18.0520(7) 17.833(2) 21.7409(7) 21.730(4) 
c, Å 8.3828(3) 8.3349(9) 29.0673(6) 29.086(6) 
α, ° 90 90 90 90.00 
β, ° 104.837(2) 105.344(4) 90 90.00 
γ, ° 90 90 90 90.00 
V, Å3 1204.42 1172.4(2) 9670.2(4) 9574(3) 
Z 2 2 8 16 
ρ(calcd), g cm-3 1.970 2.024 1.677 1.694 
μ, mm-1 19.483 7.148 6.821 6.983 
Temp, K 273 200 100 100.0 
R(F), %a 3.63 3.29 1.82 3.70 
R(ωF2), %b 9.36 7.89 4.13 9.22 
a R = ∑||Fo| – |Fc||/∑|Fo| 
b
 R(ωF2) = {∑ [ω(Fo
2
 – Fc
2
)
2]}/{∑ [ω(Fo
2
)
2
]}
1/2; ω = 
1/[σ2(Fo
2
) + (aP)
2
 + bP] with a and b given in CIF, P = [2Fc
2
 + max(Fo,0)]/3
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Table 3.1. Continued 
Compound 16 17 18 
Formula C15H25NO4S4   
PtCo 
C15H25NO4S4 
PtNi 
C15H25NO4S4 
PtZn 
Formula Weight 665.62 665.40 672.06 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21/n P21/n P21/n 
a, Å 8.2425(2) 8.2169(4) 8.2308(3) 
b, Å 17.1507(5) 17.1372(8) 17.0832(7) 
c, Å 15.1807(4) 15.1059(7) 15.1727(5) 
α, ° 90 90 90 
β, ° 90.5160(10) 90.407(2) 90.425(2) 
γ, ° 90 90 90 
V, Å3 2145.93(10) 2127.08(17) 2133.35(14) 
Z 4 4 4 
ρ(calcd), g cm-3 2.060 2.078 2.092 
μ, mm-1 7.694 7.867 8.086 
Temp, K 100 100 100 
R(F), %a 2.33 2.66 2.13  
R(ωF2), %b 4.44 4.91 4.32 
a 
R = ∑||Fo| – |Fc||/∑|Fo| 
b
 R(ωF2) = {∑ [ω(Fo
2
 – Fc
2
)
2]}/{∑ [ω(Fo
2
)
2
]}
1/2; ω = 
1/[σ2(Fo
2
) + (aP)
2
 + bP] with a and b given in CIF, P = [2Fc
2
 + max(Fo,0)]/3
 
 
  
 
 
 
 
 
 
 
 
131 
Table 3.2. Selected interatomic distances. 
COMPOUND  DISTANCE 
(Å) 
 DISTANCE 
(Å) 
11 Pt(01)-Co(02) 2.588(1) Pt(01)-S(03) 2.309(2) 
 Co(02)-N(005) 2.111(5) Pt(01)-S(04) 2.312(3) 
 N(00F)…Pt(01) 2.676(6) Co(02)-O(06) 2.057(6) 
   Co(02)-O(07) 2.061(6) 
     
12 Pt(1)-Ni(1) 2.5567(8) Pt(1)-S(1) 2.3147(16) 
 Ni(1)-N(1) 2.071(6) Pt(1)-S(2) 2.3164(17) 
 N(2)…Pt(1) 2.596(5) Ni(1)-O(1) 2.037(4) 
   Ni(1)-O(2) 2.039(4) 
     
13 Pt(1)-Co(1) 2.6338(5) Pt(1)-S(1) 2.3240(8) 
 Co(1)-N(1) 2.158(3) Pt(1)-S(2) 2.3207(7) 
 Pt(1)…Pt(1) 3.1204(3) Co(1)-O(1) 2.063(2) 
   Co(1)-O(2) 2.081(2) 
     
14 Pt(1)-Ni(1) 2.6054(15) Pt(1)-S(1) 2.324(2) 
 Ni(1)-N(1) 2.073(9) Pt(1)-S(2) 2.319(2) 
 Pt(1)…Pt(1) 3.0944(10) Ni(1)-O(1) 2.037(6) 
   Ni(1)-O(2) 2.054(6) 
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Table 3.2. Continued. 
COMPOUND  DISTANCE 
(Å) 
 DISTANCE 
(Å) 
16 Pt(1)-Co(1) 2.6487(4) Pt(1)-S(1) 2.3175(8) 
 Co(1)-N(1) 2.144(3) Pt(1)-S(2) 2.3195(7) 
   Pt(1)-S(3) 2.3194(8) 
   Pt(1)-S(4) 2.3172(7) 
   Co(1)-O(1) 2.0875(19) 
   Co(1)-O(2) 2.072(2) 
   Co(1)-O(3) 2.1105(19) 
   Co(1)-O(4) 2.080(2) 
     
17 Pt(1)-Ni(1) 2.6026(4) Pt(1)-S(1) 2.3119(9) 
 Ni(1)-N(1) 2.113(3) Pt(1)-S(2) 2.3141(9) 
   Pt(1)-S(3) 2.3125(9) 
   Pt(1)-S(4) 2.3154(9) 
   Ni(1)-O(1) 2.067(2) 
   Ni(1)-O(2) 2.044(2) 
   Ni(1)-O(3) 2.052(2) 
   Ni(1)-O(4) 2.042(2) 
     
18 Pt(1)-Zn(1) 2.6815(3) Pt(1)-S(1) 2.3139(7) 
 Zn(1)-N(1) 2.096(2) Pt(1)-S(2) 2.3114(7) 
   Pt(1)-S(3) 2.3136(7) 
   Pt(1)-S(4) 2.3151(7) 
   Zn(1)-O(1) 2.1287(19) 
   Zn(1)-O(2) 2.091(2) 
   Zn(1)-O(3) 2.1117(18) 
   Zn(1)-O(4) 2.081(2) 
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Table 3.3. Selected dihedral angles in 1D chain compounds 
COMPOUND  ANGLE (°) 
9 O(2)-Co(1)-N(1)-C(5) 13.8(5) 
 S(2)-Pt(1)-N(2)-C(6) 24.6(9) 
   
10 O(1)-Ni(1)-N(1)-C(5) 17.8(8) 
 S(1)-Pt(1)-N(2)-C(6) 29(1) 
   
11 O(007)-Co(02)-N(005)-C(009) 44.4(6) 
 O(006)-Co(02)-N(005)-C(00A) 45.0(6) 
 S(003)-Pt(01)-N(00B)-C(008) 44.9(6) 
 S(004)-Pt(01)-N(00B)-C(00C) 45.1(6) 
   
12 O(1)-Ni(1)-N(1)-C(5) 44.7(5) 
 O(2)-Ni(1)-N(1)-C(8) 45.0(5) 
 S(1)-Pt(1)-N(2)-C(7) 45.1(5) 
 S(2)-Pt(1)-N(2)-C(6) 44.9(6) 
   
13 S(1)-Pt(1)-Pt(1)-S(2) 45.59(3) 
   
14 S(1)-Pt(1)-Pt(1)-S(2) 46.36(8) 
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CHAPTER 4. Synthesis and Characterization of {PtV} Heterobimetallic Lantern 
Complexes  
4.1. Introduction 
 Two areas of heavy interest in modern inorganic chemistry are compounds 
containing metal-metal bonding160,161 and magnetic materials.162,163 Many compounds 
that have been investigated to these ends belong to the family of compounds known as 
lantern or paddlewheel complexes.  Although these compounds have been prepared for 
more than a century, the first structure was reported in 1953 for [Cu2(OAc)4]·2 H2O.
164 
The Doerrer Group has focused on heterobimetallic lantern complexes, specifically those 
of the type [PtM(SOCR)4(L)].
35,38,39,50,155 Although this family of compounds is quite 
well studied for the late first row transition metals, there are few examples with early 
transition metals. 
 The vanadyl, or oxovanadium(IV), group (V=O)2+ is perhaps most known for its 
stability165 and the O atom has been shown to act as a Lewis base and coordinate 
additional metal centers.118,166,167 In the vanadyl group, the V atom is in the V(IV) 
oxidation state and therefore has an electronic configuration of d1 and S = ½. Vanadyl 
acetate, VO(OAc)2, was first prepared by Thackeray and co-workers in 1969 and its 
magnetic behavior was studied,168 and although the structure was not determined the 
compound was proposed to be polymeric in the solid state. The magnetic susceptibility 
was fit to the Ising model of a linear antiferromagnetic chain and revealed strong 
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antiferromagnetic coupling J = -166 cm-1.168 The structure remained undetermined until 
2003 when hydrothermal methods allowed for the preparation of crystalline material.167 
In the structure of [VO(OAc)2]∞, each vanadium center has a distorted octahedral 
geometry, with two acetate ligands bridging each of its nearest neighbors.  In addition, 
the vanadyl O atom, with a V=O bond distance of 1.684(7) Å, forms an interaction in the 
axial position of the next V atom, with an O…V distance of 2.131(7) Å.167 The structure is 
shown in Figure 4.1. 
 Recently, complexes of vanadyl have been investigated for their potential as 
precursors to battery materials, due to their tendency to form layered materials in the 
solid state.167,169 Vanadyl containing compounds have recently been studied for their 
anticancer170 or antidiabetic171 properties, as well as for the treatment of parasitic 
diseases.172 Non-vanadyl V(IV) compounds have been investigated as models of 
Amavadine, a compound found in several fungi that shows promise as a peroxidase, 
though its biological function is still unknown.173 Although the biological applications of 
vanadyl compounds are under investigation, the group has been largely ignored in the 
lantern world. There is only one structurally characterized lantern complex containing a 
vanadyl group, a heterobimetallic complex [Pt(V=O)(4-mpyt)4] (4-mpytH = 4-
methylpyridine-2-thiol).118  The compound [Pt(V=O)(pyt)4] has also been reported, but 
no structural data were provided.  The authors report the electrochemical behavior of 
[Pt(V=O)(pyt)4], which displays a reversible one electron reduction at E½ = -1.45 V, 
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Figure 4.1. Crystal structure of [VO(OAc)2]∞.  The V atom is depicted as the center of an 
octahedron. Reproduced without permission from reference [167]. 
 
yielding the proposed species [Pt(VO)(pyt)4]
-, which could not be isolated.  No magnetic 
characterization was reported for this series of compounds.118 
 Vanadium in general has seen relatively little use in lantern complexes.  The first 
example of a {V2} lantern was reported by Cotton and co-workers in 1992, in  
[V2{(p-CH3C6H4)NC(H)N(p-CH3C6H4)}4].
174 In the quarter century since this 
development, there have been few others reported, all with the same {N4V-VN4} 
coordination.175,176 These compounds are primarily divanadium(II) and are diamagnetic 
due to a V-V triple bond.  Two examples have been reported containing the anion 
[V2(DPh2F)4]
- (HDPh2F = N,N’-diphenylformamidine), in which the {V2}
4+ core is 
reduced by one electron.177,178 The structure of [K(THF)3][V2(DPh2F)4] is shown in 
Figure 4.2. Full magnetic characterization of these compounds was not reported, but 
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EPR experiments revealed the presence of one unpaired electron delocalized in the 
{V2}
3+ core with a g value of 1.9999.177 
 This chapter includes the synthesis and characterization of two new vanadyl-
containing lanterns, [Pt(V=O)4(SAc)4], 19, and [Pt(V=O)4(tba)4], 20.  These represent 
two rare examples of vanadyl-containing lanterns and the first two vanadium based 
lanterns with a {VO4} plane perpendicular to the vanadyl group.  Compounds 19 and 20 
feature two different intermolecular geometries in the solid state and in solution act as 
isolated V(IV) S = ½ centers.  In the solid state 19 shows antiferromagnetic coupling 
through intermolecular contacts. 
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Figure 4.2. Crystal structure of [K(THF)3][V2(DPh2F)4].  Reproduced without permission 
from reference [178].  
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4.2. Experimental 
4.2.1. Materials and Methods 
Potassium tetrachloroplatinate (K2PtCl4) was prepared by the same method 
described in Chapter 2.99-101 All other reagents were obtained commercially and used 
without further purification.  Elemental analyses were performed by Atlantic Microlab 
Inc. (Norcross, GA). UV-vis-NIR spectra were measured with a Shimadzu UV-3600 
spectrometer. 1H-NMR spectral measurements for Evans method104,105 susceptibility 
measurements were recorded on a Varian 500 MHz spectrometer.  Solutions were 
prepared with CD2Cl2 doped with hexamethyldisiloxane, and the change in 
1H chemical 
shift was measured for both the protio solvent and the CH3 protons of the 
hexamethyldisiloxane.  IR spectra were collected with a Nicolet FT-IR with an ATR 
attachment. 
4.2.2. Synthetic Procedures 
[Pt(V=O)(SAc)4], 19.  A portion of NaHCO3 (170.9 mg, 2.03 mmol) was dissolved in 
approximately 10 mL H2O, and to that solution thioacetic acid (HSAc) (136.0 μL, 1.92 
mmol) was added.  These were allowed to react for 20 minutes until bubbles of CO2 
stopped forming. Separately, K2PtCl4 (202.4 mg, 0.482 mmol) was dissolved in minimum 
H2O and added, yielding a light pink solution.  This mixture was then allowed to react 
overnight, resulting in a yellow solution. VOSO4 (82.4 mg, 0.482 mmol) was dissolved in 
minimum H2O (5 mL) and added to the Pt(II) solution, resulting in the immediate 
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formation of a light green precipitate.  The reaction was allowed to proceed for 4 h, and 
the precipitate was recovered by vacuum filtration, followed by extensive washing with 
H2O and Et2O.  The precipitate was then dried in vacuo overnight, yielding a light green 
powder (152.8 mg, 56 %).  Single crystals suitable for X-ray analysis were grown by 
layering a saturated solution in CHCl3 with hexanes.  Anal. Calcd. for C8H12O5PtS5V: C, 
17.08; H, 2.15; N, 0.00.  Found: C, 17.37; H, 2.21; N, 0.00.  UV-vis-NIR (CH2Cl2) (λmax, 
nm (εM, cm
-1 M-1)): 269 (53,100), 616 (23), 731 (26). μeff (Evans method, CD2Cl2): 1.68.  
IR (cm-1): 2886 w, 1547 m, 1483 m, 1423 m, 1358 m, 1349 m, 1341 m, 1279 w, 1241 w, 
1145 s, 1012 m, 984 s, 961 s, 841 m, 717 s, 514 s.  
[Pt(V=O)(tba)4], 20. A portion of potassium thiobenzoate, Ktba (127.0 mg, 0.722 mmol) 
was dissolved in approximately 10 mL H2O. Separately, a portion of K2PtCl4 (74.6 mg, 
0.180 mmol) was dissolved in minimum H2O (5 mL) and added. The resulting pink 
solution was allowed to react for 1 h, yielding a yellow color. A portion of VOSO4 (29.6 
mg, 0.180 mmol) was dissolved in minimum H2O (2 mL) and added to the Pt(II) solution, 
resulting in the immediate formation of a light green precipitate.  The reaction was 
allowed to proceed overnight and the solid was recovered by vacuum filtration.  The 
product was washed extensively with H2O and dried in vacuo overnight, yielding a 
green/yellow powder (106.8 mg, 73 %).  Single crystals suitable for X-ray analysis were 
grown by layering a saturated solution in CH2Cl3 with hexanes.  Anal. Calcd. for 
C29H22O5Cl2PtS4V: C, 41.48; H, 2.49; N, 0.00. Found: C, 41.99, H, 2.60; N, 0.00.  UV-
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vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1 M-1)): 256 (67,200), 302 (62,900), 620 (35), 726 
(38). μeff (Evans method, CD2Cl2): 1.60. IR (cm
-1): 3057 w, 1594 w, 1583 w, 1510 s, 
1487 s, 1440 m, 1307 m, 1215 s, 1173 s, 1075 w, 989 s, 955 s, 930 m, 846 w, 771 s, 722 
s, 681 s, 643 s, 616 m, 582 s, 513 m. 
4.2.3. X-Ray Crystallography 
X-Ray crystallography analysis was performed by Dr. Arnold Rheingold at the 
University of California-San Diego. Suitable crystals of 19 and 20 were selected and data 
were collected on a Bruker APEX-II CCD diffractometer. The crystals were kept at 100 
K during data collection. Using Olex2,157 the structures were solved with the XT158 
structure solution program using Direct Methods and refined with the XL159 refinement 
package using Least Squares minimization.  X-ray collection parameters are collected in 
Table 4.1. 
4.2.4. Magnetic Measurements 
Magnetic susceptibility data were collected by the group of Professor Matt Shores 
for 19 using a Quantum Design MPMS XL SQUID magnetometer housed at Colorado 
State University, Fort Collins, Colorado. Finely ground samples were loaded into 
polyethylene bags, sealed on the benchtop, and then inserted into drinking straws. 
Ferromagnetic impurity checks were performed by sweeping the field (0 - 10 kOe) at 100 
K: linearity in the plot indicates lack of significant ferromagnetic impurities. Static (dc) 
magnetic susceptibility data were collected at temperatures ranging from 2 K to 300 K at 
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applied fields of 1 kOe and 10-50 kOe. Magnetization measurements were collected at 
1.8 K while varying the applied field up to 50 kOe. Data were corrected for the 
magnetization of the sample holder by subtracting the susceptibility of an empty 
container, and for diamagnetic contributions of the sample by using Pascal’s constants.179  
4.3. Results and Discussion 
4.3.1. Synthesis and Structure  
 Compound 19 is prepared by first generating the [Pt(SAc)4]
2- anion in solution 
from reaction of K2PtCl4 with the deprotonated [SAc]
- ligand in the absence of the 
VOSO4.  Upon addition of VOSO4 a small amount of a dark brown impurity forms which 
is removed during recrystallization and typically is less than 5 % of the obtained product.  
This impurity is not seen in the preparation of 20. The resulting green powder is readily 
soluble in CHCl3, negating the need for a donating solvent observed with the series of 
compounds [PtM(SAc)4(OH2)].
35,38,39 Upon drying, these compounds become 
[PtM(SAc)4], which is proposed to form a polymer with intermolecular bridges involving 
the thiocarboxylate, and requires an L or X ligand to prevent this.38 In the case of 19, the 
terminal oxo is not removed and prevents this intermolecular bridging. Compound 20, 
similarly, is prepared by generating the [Pt(tba)4]
2- species in situ followed by the 
addition of VOSO4.  Like 19, 20 does not require donating solvents to dissolve and is 
readily soluble in CH2Cl2 and CHCl3.  The synthesis of 19 and 20 is detailed in Scheme 
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4.1.  Crystals were formed by layering a concentrated solution in CHCl3 (19) or CH2Cl2 
(20) with hexanes.  Selected bond distances and angles are collected in Table 4.2. 
 The crystal structure of 19, shown in Figure 4.1, contains only one 
crystallographically unique lantern per asymmetric unit. The Pt-V distance of 2.8635(6) 
Å is longer than any Pt-M distance observed in this family of heterobimetallic {PtM} 
lanterns, with the exception of [PtCa(tba)4(OH2)].
50 In [PtCa(tba)4(OH2)] the Pt-Ca 
distance is 3.0637(7) Å, and the presence of Ca…OSAc interactions distorts the structure of 
the lantern core. In 19, the V atom is offset from the plane determined by the position of 
the four thiocarboxylate O atoms.  The V atom is located 0.299 Å from the plane, 
compared to a 0.014 Å distance between Pt and the analogous {S4} plane. These 
distortions are much more significant in [PtCa(tba)4(OH2)], with a Ca-{O4} out of plane 
distance of 0.630 Å and a Pt-{S4} distance of 0.106 Å.
50 The V-O bond distance is 
1.592(2) Å, which is typical for a vanadyl [V=O]2+ bond.180 [VO(acac)2], which contains 
both the {VO4} equatorial coordination and a vanadyl ion, has a V=O distance  
 
 
Scheme 4.1. Synthesis of 19 and 20. 
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of 1.57 Å.181 V=O bonds are often evaluated by IR spectroscopy,165,182,183  and have been 
reported180 in the range 900-1050 cm-1, but this stretch is not distinct in the spectra of 19 
or 20 due to overlap with stretches in the lantern backbone observed between 900 and 
1000 cm-1. The inter-lantern geometry for this compound is best described by the 
“staggered” geometry as detailed in Chapter 2.39,155  There is a close Pt…Pt interaction of 
3.1747(4) Å, which is slightly longer than those seen for previous staggered complexes. 
Observed Pt…Pt distances range from 3.0583(4) Å (for [PtNi(SAc)4(3-NO2py)]) to 
3.1261(3) Å (for [PtCo(SAc)4(OH2)]).
38 The four shortest S-Pt-Pt-S torsion angles have 
an average value of 32.6(4)°, while the four longest have an average value of 57.4(6)°, 
with average of the eight being 45.0(13.2)°. The range of angles is greater than in the 
[PtM(SAc)4(OH2)] series, which have average torsion angles of 45.0(8.2)° (M = Co, Ni) 
and 45.0(8.8)° (M = Zn). The crystal structure of 19 is shown in Figure 4.3, and a view 
down the z axis displaying the staggered conformation of the thiocarboxylate ligands is 
shown in Figure 4.4. In addition, the packing diagram for 19 is shown in Figure 4.5. 
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Figure 4.3. ORTEP of 19.  Hydrogen atoms are omitted for clarity, and ellipsoids are 
drawn at the 50% level.  Two units are included to display the metallophilic Pt…Pt 
contact. 
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Figure 4.4. ORTEP of the dimer of 19 viewed down the V…V axis.  Hydrogen atoms are 
omitted for clarity and ellipsoids are drawn at the 50 % level.   
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Figure 4.5. Packing diagram for [Pt(V=O)(SAc)4], 19.   
 
 
 
 
 
 
 
 
148 
Similarly, 20 has only one unique lantern per asymmetric unit in its crystal 
structure, as seen in Figure 4.6. The Pt-V distance is 2.7823(10) Å, which is slightly 
shorter than in 19.  Similarly, the V atom is displaced from the {O4} plane by 0.290 Å, 
while the Pt atom is only displaced 0.001 Å from the {S4} plane.  The V-O distance of 
1.581(4) Å is slightly shorter than in 19 but is still in the range previously observed for a 
vanadyl complex.  In addition, there is a molecule of CH2Cl2 in the lattice of 20.  Unlike 
19, there is no short Pt..Pt interaction in 20, and its inter-lantern geometry is best 
described as “square.”39,155  The closest inter-lantern contact is a Pt…SSAc contact of 
3.1266(14) Å.  The Pt…SSAc contact in previously reported compounds in this family had 
ranged from 3.083(3) Å for [PtZn(SAc)4(py)] to 3.2646(7) Å for [PtCo(SAc)(pyNH2)].
39  
The V-Pt-Pt offset angle is 143.62(2)°, which fits in the range of previously published 
“square” compounds. The intermolecular contacts in 20 are shown in Figure 4.7 and the 
packing diagram is shown in Figure 4.8. The smallest offset angle is seen in 
[PtCo(SAc)4(py)] (133.03(1)°) and the largest is in [PtCo(SAc)4(DMSO)] (146.38(2)°).
39 
In previous compounds in this family with both a tba and SAc analogue, both analogues 
usually fit into one structural motif.  The one exception is in [PtCo(SAc)4(OH2], which 
crystallizes in the staggered geometry, while [PtCo(tba)4(OH2)] has been crystallized as 
both staggered and square complexes.35,38 
There are limited examples in the literature that present useful structural 
comparisons for 19 and 20. In the Cambridge Structural Database,106-108 there are no 
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compounds that contain a Pt-V bond, and only 11 examples that contain both Pt and V. 
As discussed in the introduction, there is only one crystallographically characterized 
lantern structure from the literature that contains a vanadyl group, [Pt(V=O)(4-mpyt)4]  
 
Figure 4.6. ORTEP of 20.  Hydrogen atoms and one equivalent of CH2Cl2 are omitted 
for clarity, and ellipsoids are drawn at the 50% level.   
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Figure 4.7. ORTEP displaying the inter-lantern contacts in 20.  Two equivalents of 
CH2Cl2 and the phenyl groups on the lanterns are omitted for clarity.  The superscript i 
denotes atoms related by a C2 rotation. 
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Figure 4.8. Packing diagram for [Pt(V=O)(tba)4], 20.  
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(4-mpytH = 4-methylpyridine-2-thiol).118  This compound presents a useful structural 
comparison for 19 and 20.  The Pt-V distance of 2.604(7) Å is slightly shorter than in 19 
or 20, and the V=O distance of 1.59(3) Å is typical.  Interestingly, this compound forms a 
quasi-1D chain of [Pt(V=O)(4-mpyt)4] units linked by V=O
…Pt contacts. Compounds in 
this family show close contacts to Pt when the Pt atom is particularly electron-rich. By 
using a thiocarboxylate backbone that donates electron density to the metal centers, it 
may be possible to favor the formation of quasi-1D arrays. In addition to this strategy, 
exchange of the vanadyl O atom for a S atom would result in a terminal thiovanadyl. The 
inherent thiophilicity of Pt, as was taken advantage of in the preparation of 
[PtCr(tba)4(NCS)]∞,
155 may allow for the formation of a quasi-1D array. 
4.3.2. Magnetic Measurements 
 Solution phase Evans method104,105 magnetic moment measurements were 
performed for 19 and 20, yielding μeff values of 1.68 and 1.60, respectively.  These are 
slightly lower than the predicted spin-only magnetic moment (1.73), which is consistent 
with previously published V(IV) complexes tetradentate ONNO ligands.184,185 Thus, both 
19 and 20 act as isolated S = ½ centers in solution, and represent the first examples of a S 
= ½ configuration integrated into this family of {PtM(SOCR)4L} lantern compounds. 
 The solid-state magnetic susceptibility data for finely ground 19 was measured at 
1 kOe between 2 and 300 K, as shown in Figure 4.9. The sample was checked for 
ferromagnetic impurities by sweeping the field (0-10 kOe) at 100 K; linearity in the plot 
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(Figure 4.10) indicates a lack of significant ferromagnetic impurities. The χMT product at 
300 K is 0.84 cm3 K mol-1 (μeff = 2.59), slightly higher than what is expected for two 
magnetically uncoupled S = ½ V(IV) centers with g = 2 (0.75 cm3 K mol-1, μeff = 2.45). 
As the temperature decreases, the χMT product gradually decreases until ~10 K, where the 
decrease becomes more pronounced: at 2 K, the χMT product is 0.10 cm
3 K mol-1 (μeff = 
0.91). This decrease suggests antiferromagnetic interactions between S = ½ V(IV) 
centers. Field dependence of magnetization (Figure 4.11) is consistent with all spins 
paired at zero field, and does not saturate even at the highest fields measured (50 kOe). 
 
 
Figure 4.9. Temperature dependence on magnetic susceptibility of 19 collected at 1 kOe. 
The fit was calculated using PHI.  
 
 
 
 
 
 
 
 
154 
 
Figure 4.10. Field dependence of magnetization at 100 K for 19. Fit: y = 11.7×10-3(x) + 
7.67×10-5 (R2 = 0.99996) 
 
Figure 4.11. Field dependence of magnetization collected at 1.8 K for 19.  
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The magnetic susceptibility data were fit to a model assuming exchange 
interactions between two S = ½ centers within the “dimer” lantern species. Magnetic 
susceptibility data were fit to various models using PHI, with the general spin 
Hamiltonian: 
?̂? = −2𝐽𝑆1 ∙ 𝑆2. 
The best fit gives an isotropic g = 1.98 and exchange coupling J = -2.35 cm-1, assuming 
TIP = 400 × 10-6 cm3 mol-1. The calculated g value agrees with other V(IV) compounds 
with similar coordination environments.186,187 The exchange coupling (J) suggests weak 
intramolecular antiferromagnetic coupling. The addition of a mean field approximation 
does not improve the fit, suggesting minimal additional intermolecular antiferromagnetic 
coupling. A problem with this “dimer” interpretation is that there is not an obvious orbital 
pathway by which intramolecular superexchange can operate: whether unpaired electrons 
are in local (V-based) dxy or dxz/yz orbitals, the relative orientation of the vanadyl lanterns 
precludes orbital overlap that would lead to antiferromagnetic coupling. If double 
exchange were operative, then perhaps net antiferromagnetic coupling could be realized. 
More likely, any “dimer” behavior could be best rationalized by intermolecular coupling 
between V(IV) ions on adjacent complexes: the minimum such contact is less than 5 Å 
(Figure 4.12). We note that several next-nearest neighbor interactions are also possible, 
and might compete. 
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 Adding to (next-)nearest neighbor exchange coupling, the temperature 
dependence of susceptibility (χM) reveals an antiferromagnetic phase change, with a Néel 
temperature of 4 K (Figure 4.13). Curie-Weiss analysis of the temperature dependence of 
inverse susceptibility (Figure 4.14) gives a Weiss constant (Θ) ranging from -13 K to -21 
K, depending on the chosen temperature range. That Θ is larger than the observed 
ordering temperature indicates competing interactions, as expected from the packing of 
complexes (Figure 4.12). 
 
 
 
Figure 4.12. Crystal packing diagram for 19. 
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Figure 4.13. Temperature dependence of χ for 19, collected at 1 kOe.  
 
 
 
Figure 4.14. Temperature dependence of 1/χ for 19, collected at 1 kOe. Calculated Weiss 
constants (Θ) were determined using linear regression in several temperature ranges: -
12.9 K (50-300 K), -17.1 K (100-300 K), -20.8 K (150-300 K), and -20.9 K (200-300 K).    
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 To further investigate these long-range interactions, we measured the temperature 
dependence of χ (2-20 K) at applied fields up to 50 kOe (Figure 4.15). Upon increasing 
the applied field, there is a shift in the Néel temperature to lower values. At 50 kOe, 
antiferromagnetic ordering occurs beyond the lowest temperature measured (2 K). The 
data are consistent with metamagnetic behavior where antiferromagnetic ordering is 
converted to paramagnetism via applied fields. 
 
Figure 4.15. Low temperature dependence of χ(2 - 20 K) collected at applied fields of 10 
to 50 kOe. Lines are guides for the eye. 
 
4.3.3. Electronic Structure and Spectroscopy 
 UV-vis-NIR spectra were collected for 19 and 20, and are shown in Figure 4.16. 
The results are largely consistent with our previously published lantern complexes with 
one major difference.  Each compound has two absorbances in the visible range assigned 
to d-d transitions on the V center at 616 nm and 731 nm (for 19) or 620 nm and 726 nm 
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(for 20).  These absorbances are similar in intensity to each other and are comparable to 
the intensities of d-d transitions in our previous lantern compexes.35,38,39,50,155 Compound 
19 has a strong absorbance in the UV range (at 269 nm) that is assigned to LMCT from 
the thiocarboxylate S to the Pt center. The location and intensity of this peak is consistent 
with our previously published {PtM(SAc)4} lantern complexes.
35,38,39,50,155 Compound 20 
has absorbances in the UV range, at 256 nm and 302 nm. This pattern is consistent with 
the compounds [PtM(tba)4(OH2)] (M = Ca, Mg, Co, Ni, Zn).
35,50  The higher energy peak 
is attributed to a LMCT as in the SAc analogues, while the lower energy peak is assigned 
as a phenyl π-π* transition.35 Interestingly, neither 19 nor 20 display any absorbance in 
the NIR up to 2000 nm. Previously all the paramagnetic compounds in this family had 
displayed a transition in the NIR, which has been assigned as an intermetallic d-d 
transition. As stated in Section 4.3.2., there is not an orbital pathway for this exchange. 
The electron in V is located in either the dxy or dxz/dyz orbital, which would not have 
significant overlap with the Pt orbitals. The electronic spectrum of [Pt(V=O)(4-mpyt)4] 
was not reported, though the observed red color indicates a significant difference in the 
visible range, likely due to the {VN4} equatorial coordination increasing splitting 
compared to the {VO4} coordination in 19 and 20. 
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Figure 4.16. UV-vis spectra for the visible range of 19 and 20. 
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4.4. Conclusions 
 In summary, two compounds of the type [Pt(V=O)(SOCR)4] were prepared, 
isolated, and thoroughly characterized.  Compound 19 crystallizes with a metallophilic 
Pt…Pt interaction leading to a staggered dimer structure.  Compound 20 crystallizes with 
short Pt…SSAc contacts creating a {Pt2S2} square interaction. In each case, the Pt-V 
distance is increased from the {Pt…M} intralantern distances in previously published 
compounds with different transition metals because of the larger size of the vanadyl 
group. The electronic spectra for these two compounds reveals an absence of the 
previously observed intermetallic d-d transition, likely due lack of orbital overlap. In 
solution, these two compounds act as isolated V(IV) centers. In the solid state, 19 
displays antiferromagnetic coupling (J = -2.35 cm-1) best described by intermolecular 
interactions. Future studies using these compounds will focus on exchanging the vanadyl 
O atom for a S atom, which could form quasi-1D chains due to the thiophilicity of Pt, as 
with [PtCr(tba)4(NCS)] described in Chapter 2.  
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Table 4.1. Summary of X-ray crystallographic data collection parameters 
Compound 19 20
.
CH2Cl2 
Formula C8H12O5PtS4V C29H22O5Cl2PtS4V 
Formula Weight 562.45 895.63 
Crystal System Monoclinic Triclinic 
Space Group C2/c P-1 
a, Å 27.225(2) 11.7092(11) 
b, Å 8.3989(8) 11.7557(10) 
c, Å 15.7502(15) 12.2506(11) 
α, ° 90 71.254(4) 
β, ° 122.160(3) 75.235(5) 
γ, ° 90 88.198(4) 
V, Å3 3048.8(5) 1541.8(2) 
Z 8 2 
ρ(calcd), g cm-3 2.451 1.929 
μ, mm-1 10.336 15.359 
Temp, K 100 100.0 
R(F), %a 2.25 3.74 
R(ωF2), %b 4.88 9.06 
a R = ∑||Fo| – |Fc||/∑|Fo| 
b
 R(ωF2) = {∑ [ω(Fo
2
 – Fc
2
)
2]}/{∑ [ω(Fo
2
)
2
]}
1/2; ω = 
1/[σ2(Fo
2
) + (aP)
2
 + bP] with a and b given in CIF, P = [2Fc
2
 + max(Fo,0)]/3 
 
 
Table 4.2. Select interatomic distances and angles 
Compound  Distance (Å)  Angle (°) 
19 Pt(1)-V(1) 2.8635(6) V(1)-Pt(1)-S(1) 90.11(2) 
 V(1)-O(1) 1.592(2) V(1)-Pt(1)-Pt(1) 177.168(11) 
 Pt(1)…Pt(1) 3.1747(4) S(1)-Pt(1)-Pt(1) 90.30(2) 
     
20 Pt(1)-V(1) 2.7823(10) V(1)-Pt(1)-S(1) 89.31(4) 
 V(1)-O(5) 1.581(4) V(1)-Pt(1)-S(1)i 176.24(3) 
 Pt(1)…S(1)i 3.1266(14) V(1)-Pt(1)-Pt(1)i 143.62(2) 
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CHAPTER 5. Heterobimetallic Lantern Complexes with a Monothiocarbamate 
Backbone 
5.1. Introduction 
 The initial lantern complexes prepared by the Doerrer group were of the type 
{PtM(tba)4(OH2)}.
35  The thiobenzoate (tba) backbone has been used sparingly in 
subsequent publications,50,155 and most of the compounds prepared since the initial report 
have been of the type {PtM(SAc)4(L)}.
38,39,50,155  Differences between the two thio 
carboxylate families are largely in their ease, or not, of crystallization.  There has been 
considerable variation of the different components of these lanterns, including the 
identities of the 3d metal M and the axial ligand L, but the thiocarboxylate backbone has 
been maintained throughout this series.   
Monothiocarbamates, (OSCNR2)
- are a new family of  backbone ligands that 
could lead to distinct properties. The presence of a lone pair on the N atom in 
monothiocarbamates leads to a more highly electron donating ligand character, which 
could have significant effects on the overall lantern electronic structure.  In addition, 
monothiocarbamates can be prepared from secondary amines188 and as such, examples 
with varying R groups can be obtained in a single step from commercially available 
materials, and therefore be used to modify the solubility of the resulting lantern 
complexes. The O- and S- binding sites of monothiocarbamates still offer the same hard-
soft differentiation that has been used to prepare previous {PtM} lanterns. The 
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monothiocarbamate salt [pipH2][SOCpip], resulting from the reaction of COS and 
piperidine, was selected for use due to its reported stability, relative lack of potential 
crystallographic disorder in the piperidine ring versus two independent R groups, and 
favorable solubility when compared to other monothiocarbamates.189,190 
 There was previously only one example in the literature of a lantern-type 
compound with a monothiocarbamate backbone, [Mo2(SOCN(i-Pr)2)4].
191 This 
compound, like many others in the family of {Mo2}
4+ paddlewheel complexes,192-195 
features a Mo-Mo quadruple bond.  Unlike compounds previously prepared by the 
Doerrer group,35,38,39,50,155 which uniformly possess homoleptic {PtS4}-{MO4} 
coordination in an anisotropic lantern structure, the Mo centers in this compound have an 
isotropic and heteroleptic cis-{MoS2O2} coordination.
191  This arrangement differs from 
the homobimetallic [Ni2(SOCR)4(L)] family of compounds, which also feature 
homoleptic coordination of each Ni atom in an anisotropic complex.49,196-199 The 
heteroleptic binding in [Mo2(SOCN(i-Pr)2)4] is consistent with previous {Mo2} lantern 
complexes of asymmetric ligands.156,192-195 
The coordination chemistry of monothiocarbamates190 has received relatively 
little attention in the literature.  There are two known compounds that provide useful 
starting points for building (SOCNR2) lantern compounds.  In the synthesis of the 
previous family of [PtM(SOCR)4(L)] lanterns, the first step is to generate the species 
[Pt(SOCR)4],
2- which is then used to prepare the full lantern complex.35,38,39,50,155 Similar 
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species have been prepared with monothiocarbamate ligands for both Pt and Pd. The 
compounds (pyrH2)2[(SOCpyr)4Pd] and (pyrH2)2[(SOCpyr)4Pt] (pyrH=pyrrolidine) have 
both been isolated and characterized by elemental analysis and IR spectroscopy.200 
Though no crystal structures were obtained, the authors propose both M-O and M-S 
binding due to signals in the IR spectra. Based on the products obtained in this work, as 
well as the published synthesis of [PPh4]2[Pt(SAc)4],
50 it is likely that any M-O 
interaction is weak and does not persist in solution. The more likely local coordination 
environment of the Pt or Pd atom would be {MS4}, with only distant M-O interactions in 
the solid state. 
 Included in this chapter are the synthesis and characterization of four new 
compounds of the formula [PtM(SOCpip)4(py)] (M = Co, 21; Ni, 22; Zn, 23; Mn, 24). 
All four compounds exist as discrete species in the solid state with no metal-ligand 
intermolecular interactions. These compounds add to the very small group of lantern 
complexes to be prepared with monothiocarbamate ligands and are the first with a 
heterobimetallic nature. The spectroscopic properties of these compounds demonstrate 
significant electron-donation from the N atom in the monothiocarbamate backbone. 
5.2. Experimental 
5.2.1. Materials and Methods 
Potassium tetrachloroplatinate (K2PtCl4) was prepared by the same method described in 
Chapter 2.99-101  [pipH2][SOCpip] was prepared using a literature procedure,
188,190 by 
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bubbling carbonyl sulfide (COS) gas through a diethyl ether solution of piperidine at -
80°C, and its purity was confirmed by 1H and 13C{1H} NMR spectroscopy as well as 
elemental analysis.  Typical yield was greater than 85% on a multi-gram scale.  All other 
reagents were obtained commercially and used without further purification.  Elemental 
analyses were performed by Atlantic Microlab Inc. (Norcross, GA). UV-vis-NIR spectra 
were measured with a Shimadzu UV-3600 spectrometer. 1H-NMR spectra measurements 
for Evans method104,105 were recorded on a Varian 500 MHz spectrometer.  Solutions 
were prepared with CD2Cl2 doped with hexamethyldisiloxane, and the change in 
1H 
chemical shift was measured for both the protio solvent and the CH3 protons of the 
hexamethyldisiloxane. 
5.2.2. Synthetic Procedures 
[PtCo(SOCpip)4(py)], 21.  A sample of [pipH2][SOCpip] (100.6 mg, 0.434 mmol) was 
dissolved in about 10 mL H2O. A sample of K2PtCl4 (46.2 mg, 0.108 mmol) was 
dissolved in minimum H2O separately and added to the first solution yielding a pink 
solution.  This order of addition promotes complete Pt coordination by S.  This reaction 
was allowed to proceed for 2 h, resulting in a color change from pink to yellow.  A 
portion of CoCl2·6 H2O (26.3 mg, 0.108 mmol) was dissolved in minimum H2O and 
added, resulting in the immediate formation of a gray precipitate.  An aliquot of pyridine 
(17 μL, 0.216 mmol) is added and the reaction was allowed to proceed overnight.  The 
gray precipitate grew darker and was recovered by vacuum filtration.  The precipitate was 
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dissolved in CHCl3, yielding a brown solution, and a second aliquot of pyridine (17 μL, 
0.216 mmol) was added.  This mixture was stirred for 2 h then filtered, removing a small 
amount of black solid, and concentrated to dryness on a Schlenk line.  A brown powder 
was isolated (67.2 mg, 68 %). Crystals suitable for X-ray analysis were prepared by 
layering a concentrated solution in fluorobenzene with hexanes, yielding dark red needle 
shaped crystals.  Anal. Calcd. for C29H45N5O4S4PtCo: C, 38.28; H, 4.98; N, 7.70.  Found: 
C, 38.73; H, 4.70; N, 7.66.  UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1 M-1)): 247 
(33,100), 478 (152), 1347 (4). μeff (Evans method, CD2Cl2): 5.03.  
[PtNi(SOCpip)4(py)], 22. The synthesis of 22 proceeded identically to 21 until the 
addition of the 3d metal salt.  A portion of NiCl2·6 H2O (25.9 mg, 0.108 mmol) was 
added in place of CoCl2·6 H2O, yielding a brown precipitate. After the addition of one 
aliquot of pyridine (17 μL, 0.216 mmol), this mixture was stirred overnight with no 
changes. The solid was recovered by vacuum filtration, and dissolved in CHCl3, yielding 
a brown solution. Another aliquot of pyridine (17 μL, 0.216 mmol) was added and the 
mixture was stirred for 2 h. The reaction mixture was filtered, removing a small amount 
of dark brown solid, and concentrated on a Schlenk line, yielding a brown powder (51.7 
mg, 53 %). Green, block-shaped crystals suitable for X-ray analysis were grown by 
layering a saturated solution in fluorobenzene with hexanes. Anal. Calcd. for 
C29H45N5O4S4PtNi: C, 38.29; H, 4.99; N, 7.70.  Found: C, 38.40; H, 4.97; N, 7.59.  UV-
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vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1 M-1)): 247 (31,500), 676 (18), 1196 (11). μeff 
(Evans method, CD2Cl2): 2.92.  
[PtZn(SOCpip)4(py)0.5], 23. The synthesis of 23 proceeded identically to 21 until the 
addition of the 3d metal salt.   A portion of ZnCl2 (16.8 mg, 0.108 mmol) was added in 
place of CoCl2·6 H2O, yielding a white precipitate. After the addition of one aliquot of 
pyridine (17 μL, 0.216 mmol), this mixture was stirred overnight and a color change from 
white to yellow was observed. The solid was recovered by vacuum filtration, and 
dissolved in CHCl3, yielding a yellow solution.  Another aliquot of pyridine (17 μL, 
0.216 mmol) was added and the mixture was stirred for 2 h.  The reaction mixture was 
filtered, removing a small amount of yellow solid, and concentrated on a Schlenk line, 
yielding a yellow powder (41.1 mg, 41.5 %).  Yellow, needle-shaped crystals suitable for 
X-ray analysis were grown by layering a saturated solution in fluorobenzene with 
hexanes. Anal. Calcd. for C24H40N4O4S4PtZn·(NC5H5)0.5: C, 36.30; H, 4.89; N, 7.19.  
Found: C, 36.51; H, 4.63; N, 6.90.  UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1 M-1)): 250 
(39,000). 1H NMR, (δ, ppm, {CH2Cl2}): 8.79 (d, 
3J = 4.6 Hz, 2 H, N(CH)2(CH)2CH), 
7.92 (t, 3J = 7.7 Hz, 1 H, N(CH)2(CH)2CH), 7.51 (td, 
3J = 7.7 Hz, 4.6 Hz, 2 H, 
N(CH)2(CH)2CH), 3.77 (broad s, 8 H, SOCN(CH2)2(CH2)2(CH2)), 3.46 (broad s, 8 H, 
SOCN(CH2)2(CH2)2(CH2)), 1.55 (broad s, 24 H, SOCN(CH2)2(CH2)2(CH2)). 
   13C{1H} 
NMR, (δ, ppm, {CH2Cl2}): 179.6 (s,  SOCpip), 149.1 (s, N(CH)2(CH2)(CH)),  138.7 (s, 
 
 
 
 
 
 
 
 
169 
N(CH)2(CH2)(CH)), 124.5 (s, N(CH)2(CH2)(CH)), 45.1 (s, SOCN(CH2)2(CH2)2(CH2)), 
25.9 (s, SOCN(CH2)2(CH2)2(CH2)), 24.5 (s, SOCN(CH2)2(CH2)2(CH2)). 
[PtMn(SOCpip)4(py)], 24.  The synthesis of 24 proceeded identically to 21 until the 
addition of the 3d metal salt. A portion of MnSO4·H2O (19.6 mg, 0.108 mmol) was added 
in place of CoCl2·6 H2O, yielding a light orange precipitate. After the addition of one 
aliquot of pyridine (17 μL, 0.216 mmol), this mixture was stirred overnight and grew a 
darker orange color. The solid was recovered by vacuum filtration, and dissolved in 
CHCl3, yielding a dark orange solution.  Another aliquot of pyridine (17 μL, 0.216 mmol) 
was added and the mixture was stirred for 2 h. The reaction mixture was filtered, 
removing a small amount of brown solid, and concentrated on a Schlenk line, yielding an 
orange powder (39.7 mg, 40.6 %). Orange, block-shaped crystals suitable for X-ray 
analysis were grown by layering a saturated solution in fluorobenzene with hexanes. 
Anal. Calcd. for C24H40N4O4S4PtMn·(NC5H5): C, 38.45; H, 5.01; N, 7.73.  Anal. Calcd. 
for C24H40N4O4S4PtMn: C, 34.86; H, 4.88; N, 6.78. Found: C, 36.12; H, 4.77; N, 5.70.  
UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm
-1 M-1)): 251 (31,900).  
5.2.3. X-Ray Crystallography 
X-Ray crystallography analysis was performed by Prof. Arnold Rheingold at the 
University of California-San Diego. Suitable crystals of 21-24 were selected and data 
were collected on a Bruker APEX-II CCD diffractometer. The crystals were kept at 100 
K during data collection. Using Olex2,157 the structures were solved with the XT158 
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structure solution program using Direct Methods and refined with the XL159 refinement 
package using Least Squares minimization.  X-ray data collection parameters are 
collected in Table 5.1. 
5.3. Results and Discussion 
5.3.1. Synthesis and Structure 
 The precursor material [pipH2][SOCpip] is prepared by a literature procedure and, 
after washing heavily with diethyl ether to remove unreacted piperidine, is isolated in 
high yields (typically greater than 85%) and without the need for further purification.  
Compounds 21-24 were prepared by first allowing the precursor to react with K2PtCl4, 
resulting in the yellow color characteristic of conversion from {PtCl4} to {Pt(SOCR)4} 
coordination.50  The 3d metal salt is then added, yielding an immediate precipitate that is 
hypothesized to be the desired lantern complex with water in the axial site, 
[PtM(SOCpip)4(OH2)].
35,38  Early attempts that omitted the addition of pyridine at this 
point resulted in formation of insoluble material, hypothesized to be metal oxides, though 
the pyridine is not expected to bind at this point. The crude solid is dissolved in CHCl3 
and a second aliquot of pyridine is added to replace the axial H2O.  A small amount (<5 
% of the total) of the crude solid will not dissolve and is removed by filtration.  This 
precipitate is likely the formation of small amounts of metal oxides due to the basicity of 
the initial aqueous reaction solution. Upon removal of CHCl3 the crude product is 
obtained and crystals are grown from concentrated fluorobenzene solutions layered with 
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hexanes. The syntheses of 21-24 are summarized in Scheme 5.1. Crystal structures were 
obtained for 21-24 and each crystallizes with pyridine ligated in the axial position of the 
3d metal. Selected bond distances are collected in Table 5.2. Elemental analysis suggests 
that this pyridine ligand is labile for Zn. For 21 and 22 the pyridine ligand is stable to 
vacuum and consistent elemental analyses [PtM(SOCpip)4(py)] were obtained. This loss 
of pyridine under vacuum was not observed in the previously reported 
[(py)PtM(SAc)4(py)], which required heating to roughly 100°C to liberate the Pt-bound 
pyridine and heating to roughly 200°C to remove the M-bound pyridine ligand.39 
 Compound 21, as shown in Figure 5.1 crystallizes as a monomeric lantern 
complex, with no close Pt…Pt or Pt…S intermolecular lantern-to-lantern contacts.39,155 
This lack of intermolecular contacts is similar to 16-18, as described in Chapter 3. The 
previously reported [PtCo(SAc)4(py)] presents a useful structural comparison.
39 The Pt-
Co distance of 2.6123(5) Å in 21 is slightly shorter than the equivalent distance 
(2.6298(5) Å) in [PtCo(SAc)4(py)].  In contrast, the Co-N distance of 2.107(2) Å in 21 is 
very slightly longer than in [PtCo(SAc)4(py)] (Co-N distance of 2.101(3) Å).  This 
distance is comparable to known {CoO4}-Npy distances, which average 2.04(9) Å in 178 
compounds in the Cambridge Structural Database.106-108 
 The degree of lone pair donation from the N atom in the sp2-hybridized 
thiocarbamate backbone can be quantified by the degree of N pyramidalization.  A  
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Scheme 5.1. Synthesis of [PtM(SOCpip)4(py)] complexes, 21 - 24. 
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Figure 5.1. ORTEP of [PtCo(SOCpip)4(py)], 21, with ellipsoids drawn at the 50 % level 
and hydrogen atoms are omitted for clarity. 
  
 
 
 
 
 
 
 
 
174 
nitrogen atom that did not donate any electron density would be sp3 hybridized and have 
approximately tetrahedral geometry.  Significant donation from the N lone pair to the 
unhybridzed p orbital on COS would create N=COS double bond character and sp
2 
hybridization at N. One way to measure this donation is by the N atom distance from the 
plane defined by the three C atoms bound to it.  A shorter N-{best C3 plane} distance 
indicates a greater level of lone pair donation. Compound 21 has four unique 
monothiocarbamate ligands, and thus has four unique N-C3 distances of 0.004, 0.016, 
0.138, and 0.229 Å. These correspond to N-COS distances of 1.348(4), 1.342(4), 1.352(4), 
and 1.359(4) Å.  These distances are shorter than the N-Cpip distances, which average 
1.46(1) Å over eight bonds (two per thiocarbamate ligand).  These distances indicate that 
electron density is being donated from the lone pair on the N to the N-COS bonds, and 
some N=COS double bond character is present. The N-COS distances are comparable to 
the N-C distances in the ligated pyridine ring of 1.346(4) and 1.347(4) Å.  
 Compound 22 also crystallizes as a monomeric lantern complex, with a few 
notable differences from the structure of 21.  An ORTEP of the complete lantern from 22 
is shown in Figure 5.2.  In 22, unlike 21, only half of the lantern is crystallographically 
unique, as indicated in the labeling of the ORTEPs for 21 and 22.  The Pt-Ni distance of 
2.5312(10) Å is marginally shorter than in [PtNi(SAc)4(py)], which has an analogous 
length of 2.5831(6) Å.  The shorter Pt-M distance compared to 21 is consistent with the 
thiocarboxylate family of {PtM} heterobimetallic lantern compounds, in which  
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Figure 5.2. ORTEP of [PtNi(SOCpip)4(py)], 22, with ellipsoids drawn at the 50 % level 
and hydrogen atoms are omitted for clarity. Atoms labeled with an “i" are related by a C2 
operation. 
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distances with Ni are generally shorter than those with Co. The Ni-N distance of 2.052(3) 
Å is effectively identical to the distance of 2.059(3) Å in [PtNi(SAc)4(py)],
39 and is 
typical for a {NiO4}-Npy distance, for which 116 examples in the CSD
106-108 averages 
2.09(3) Å. 
Because 22 has only two unique thiocarbamate ligands, it has only two unique N-
{C3} distances, which are at 0.171 and 0.213 Å.  These ligands have N-COS distances of 
1.349(3) and 1.352(6) Å, respectively, which are very close to the N-Cpy distance of 
1.345(3) Å. These distances are shorter than the corresponding N-Cpip
 single bond 
distances of 1.458(3), 1.476(5), 1.474(5), and 1.476(3) Å, again indicating significant 
electronic donation from the thiocarbamate N into the thiocarboxamide  system.   
 Similar to 21, the crystal structure of 23, shown in Figure 5.3, has four unique 
thiocarbamate ligands.  It has a Pt-Zn distance of 2.6446(5) Å , which is slightly longer 
than the analogous distance in [PtZn(SAc)4(py)], which has a Pt-Zn distance of 2.6180(5) 
Å.39  This length is slightly longer than the Pt-M distances in 21 and 22, consistent with 
previous Zn compounds in the {PtM(SOCR)4} family. As with 21 and 22, the Zn-N 
distance of 2.077(3) Å is nearly identical to the distance in [PtZn(SAc)4(py)], 2.084(3) Å.  
Compounds with a {ZnO4}-Npy bond are somewhat more rare than for Ni and Co, with 
only 68 compounds in the CSD averaging a Zn-N distance of 2.09(6) Å.106-108  The four 
thiocarbamate ligands of 23 have similar pyramidalization to those in 21, with N-C3 
distances of 0.007, 0.017, 0.150, and 0.236 Å.  These correspond to N-COS distances of  
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Figure 5.3. ORTEP of [PtZn(SOCpip)4(py)], 23, with ellipsoids drawn at the 50 % level 
and hydrogen atoms are omitted for clarity. 
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1.354(4), 1.348(4), 1.348(4), 1.363(4) Å. As with both 21 and 22, these distances are 
comparable to a C-Npy bond, and indicate donation from the N lone pair.  The two 
aromatic C-Npy bonds in 23 have distances of 1.340(4) and 1.357(4) Å which are shorter 
than the C-Npip single bond distances, which average 1.466(4) Å over eight bonds. 
Compound 24 is the first {PtMn} lantern complex to be crystallographically 
characterized, though {Na(12C4)2)}[PtM(SAc)4(NCS)] has been previously reported.
155  
The crystal structure of 24 is shown in Figure 5.4, with a Pt-Mn distance of 2.6986(4) Å 
which is the longest Pt…M distance in the monothiocarbamate family, as is the Mn-N 
distance of 2.197(2) Å.  This longer Mn-Npy distance is consistent with the literature, 
with 197 compounds including {MnO4}-Npy bonds averaging a distance of 2.2(1) Å.
106-
108  Compound 24 features similar pyramidalization values to 21 and 23, with the four 
thiocarbamate ligands having N-{C3} distances of 0.019, 0.033, 0.142, and 0.229 Å.  
These N atoms have corresponding N-COS distances of 1.351(4), 1.346(3), 1.347(4), and 
1.356(3) Å.  As in the previous three cases, these distances indicate N lone pair donation, 
C=N double bond character, are comparable to the aromatic Npy-C distances of 1.339(3) 
and 1.347(3) Å, and are significantly shorter than the Npip-C distance of 1.467(4) Å, 
averaged from the eight unique single bonds. 
 Although there are no other {Pt-Mn) lanterns that have been crystallographically 
characterized, there are several useful compounds to compare.  There are three known 
heterotrimetallic compounds featuring direct Pt-Mn coordination.  Two of these are {Pt-
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Mn-Pt} with two amidate ligands linking each Pt atom with Mn, with either two 
additional ammine ligands, as in [{Pt(NH3)2(NHCOtBu)2}2Mn](ClO4)2∙4H2O,
110 or one 
1,2-cyclohexyldiamine ligand, as in [{Pt(DACH)(NHCOtBu)2}2Mn](ClO4)2 (DACH = 
trans-1,2-diaminocyclohexane)111 on each Pt atom.  This results in a coordination 
environment of {PtN4}-{MnO4}-{PtN4}. These compounds each include one 
crystallographically distinct Pt-Mn distance of 2.6644(5) or 2.643(3) Å, respectively.  
The third known heterotrimetallic compound, [MnPtMn(dpa)4Cl2], belongs to the EMAC 
family, with four dipyridylamide ligands linking two Mn centers and a Pt center, 
resulting in a {MnN4}-{PtN4}-{MnN4} coordination.
201  Each Mn atom also has a 
chloride anion in the axial position. The two Mn atoms in this compound are 
crystallographically distinct, with Pt-Mn distances of 2.6289(7) and 2.6358(6) Å. 
 
 
 
 
 
 
 
 
 
 
180 
 
Figure 5.4. ORTEP of [PtMn(SOCpip)4(py)], 24, with ellipsoids drawn at the 50 % level 
and hydrogen atoms are omitted for clarity. 
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In contrast to 21 and 22, the pyridine ligand in compound 23 is somewhat labile, 
indicated by the elemental analysis data that are consistent with loss of 50 % pyridine.  
Despite this lability, both compounds have been crystallized as lanterns with the pyridine 
bound. The crystals are stable in their mother liquors.   
 Compounds 21, 23, and 24 differ from 22 in their packing as well.  The two 
different packing arrangements are displayed in Figure 5.5.  When viewed down the Pt-
M axis, three of the piperidine rings from the thiocarbamate ligands are flexed in the 
same direction for 21, 23, and 24, as shown on the left, whereas in 22 the ligands flex into 
an X-shape as shown on the right.  In addition, the inter-unit packing differs between 
these two groups.  The lantern units in 21, 23, and 24 pack in pairs with the axial pyridine 
ligands nearby each other, with the nearest neighboring pair rotated by about 90°.  The 
packing diagram for 23, which is representative for the isomorphous set, is shown in 
Figure 5.6.  In contrast, in 22, the lantern units pack in sheets with no rotation between 
pairs.  The packing diagram for 22 is shown in Figure 5.7.  Unlike most previously 
characterized lantern compounds, these monothiocarbamate ones do not have short Pt…Pt 
or Pt…S contacts in the solid state.   
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Figure 5.5. ORTEPs of A) 21 and B) 22 viewed down the Pt-M axis to display the 
relative orientations of the piperidine rings from the thiocarbamate backbone.  The 
structure of 21 is isomorphous with that of 23 and 24. 
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Figure 5.6. Packing diagram for 23, which is analogous to that of 21 and 24. 
 
Figure 5.7. Packing diagram of 22. 
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5.3.2. Electronic Structure and Spectroscopy 
The electronic spectra of 21-24 display several differences from previous 
examples using thiocarboxylate ligands.  As seen previously, each compound shows a 
strong absorbance in the UV range between 247 and 251 nm, shown in Figure 5.8, which 
is assigned to a LMCT from S to Pt.35,38,39,50,155 In comparison to previous examples, this 
peak appears at similar wavelengths but is considerably broadened.  At higher 
concentrations this absorbance continues into the visible range.  Compounds 21 and 22 
show the expected d-d transition in the visible range, centered at 478 (Co) and 676 (Ni) 
nm, respectively.  The visible and NIR range absorbances of 21 and 22 are shown in 
Figure 5.9.  In addition, the width of the absorbance in the UV range extends as a broad 
low-intensity feature into the visible range.  For 21, for example, the extinction 
coefficient is above 50 M-1 cm-1 from 400-600 nm and maintains a weak absorbance at 
wavelengths as long as 800 nm. Finally, there is a peak in the NIR range for 21 and 22 
that is assigned as a metal-metal charge transfer from Pt to the 3d atom.35,38,39,50,155 This 
peak is quite broad and is centered at 1347 and 1196  nm, respectively. 
5.3.3. Magnetic Characterization 
Solution phase magnetic susceptibility measurements were performed for 21 and 
22. For 21, a μeff value of 5.03 was obtained.  This value is slightly higher than the spin 
only value predicted for an isolated Co (II) center (3.88), but is consistent with values  
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Figure 5.8. The UV region of the electronic spectra of 21-24. 
 
Figure 5.9. Visible and NIR region of the electronic spectra of 21 and 22.  
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typically seen for {PtCo} compounds in this family.  Previously, these values have 
ranged from 4.61 (for [PtCo(SAc)4(py)])
39 to 5.06 (for [PtCo(SAc)4(NO2py)]).
38  A μeff  
value of 2.92 was obtained for 22, which is only slightly increased from the spin-only 
value for Ni (II) (2.83). As with 21, this value is consistent with previous compounds in 
this extended family, with previous {PtNi} values ranging from 2.84 for 
[PtNi(SAc)4(OH2)]
38 to 3.22 for {[Na(12C4)2][PtNi(SAc)4(NCS)]}.
155 Based on 
comparisons to previous compounds, both 21 and 22 behave consistently with an 
isolated, high-spin M (II) center.  Although a matching elemental analysis has not been 
obtained for 24, a preliminary magnetic susceptibility measurement was performed, 
indicating a paramagnetic species. 
5.4. Conclusions 
 In summary, four compounds of a new heterobimetallic lantern type have been 
prepared, isolated, and thoroughly characterized.  These compounds have the formula of 
{PtM(SOCpip)4(py)} and are understood in contrast with previous compounds in the 
{PtM(SOCR)4(L)} by the increased electronic donating character from the 
monothiocarbamate backbone.  This electron donation leads to intense solution colors 
and peak broadening in the electronic spectra, including a broad absorbance in the visible 
range leading to dominant dark brown coloring even in the solid state.   
 Structurally, 21-24 crystallize as monomers with no close Pt…Pt or Pt…S 
interactions. No extended structures were expected due to the pyridine ligand, which acts 
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as a mnodentate, terminal capping ligand.  Although no 1D geometry was expected, the 
absence of intermolecular Pt…Pt or Pt…S interactions may indicate that the Pt center does 
not favor close coordination, which could make future attempts to generate 1D chains 
difficult. Another possibility is that lack of close Pt…S intermolecular contacts is due to 
the monothiocarbamate ligand, and a bidentate axial ligand will still be able to form Pt…L 
interactions. 
Solution phase magnetic moment measurements have revealed that in solution, 21 
and 22 act as isolated, high-spin M(II) centers. In the absence of any 1D geometry or 
close intermolecular contacts, this behavior was expected. 
In continuing this project, future researchers will attempt to use bidentate bridging 
ligands to form 1D materials, and the resultant properties will be compared to the 
materials discussed in Chapters 2 and 3. Initial experiments have resulted in 
{[PtCo(SOCpip)4]2(pyz)}, a complex composed of two lantern units bridged by a single 
pyrazine, as in {[PtM(SAc)4]2(pyz)}. In addition, preliminary work has begun on 
isolating the Fe analogue, resulting in oxidation of the Fe(II) starting material to yield 
Fe(III)-containing [PtFe(SOCpip)4(OPh)]. 
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Table 5.1. Summary of X-ray crystallographic data collection parameters 
Compound 21 22 23 24 
Formula C29H45N5O4 
S4PtCo 
C29H45N5O4 
S4PtNi 
C29H45N5O4 
S4PtZn 
C29H45N5O4 
S4PtMn 
Formula Weight 909.96 909.74 916.40 905.97 
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic 
Space Group P21/c C2/c P21/n P21/n 
a, Å 10.6598(5) 20.716(8) 10.6717(4) 10.6785(4) 
b, Å 18.6047(7) 10.802(4) 18.6447(6) 18.7694(6) 
c, Å 17.7602(9) 19.721(8) 17.7657(6) 17.7492(8) 
α, ° 90 90 90 90 
β, ° 94.545(2) 129.344(8) 94.6160(10) 94.786(2) 
γ, ° 90 90 90 90 
V, Å3 3511.2(3) 3413(2) 3523.4(2) 3545.1(2) 
Z 4 4 4 4 
ρ(calcd), g cm-3 1.721 1.771 1.728 1.697 
μ, mm-1 4.731 4.933 4.925 4.574 
Temp, K 100.0 100 100 100.0 
R(F), %a 3.23 2.38 2.84 2.55  
R(ωF2), %b 7.69 4.45 5.20 4.56 
a R = ∑||Fo| – |Fc||/∑|Fo| 
b
 R(ωF2) = {∑ [ω(Fo
2
 – Fc
2
)
2]}/{∑ [ω(Fo
2
)
2
]}
1/2; ω = 
1/[σ2(Fo
2
) + (aP)
2
 + bP] with a and b given in CIF, P = [2Fc
2
 + max(Fo,0)]/3
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Table 5.2. Select interatomic distances. 
Compound  Distance (Å)  Distance (Å) 
21 Pt(1)-Co(1) 2.6122(4) N(1)-C(5) 1.449(4) 
 Co(1)-N(5) 2.107(2) N(1)-C(9) 1.470(4) 
 N(5)-C(25) 1.346(4) N(2)-C(10) 1.452(4) 
 N(5)-C(29) 1.347(4) N(2)-C(14) 1.474(4) 
 N(1)-C(1) 1.348(4) N(3)-C(15) 1.477(4) 
 N(2)-C(2) 1.352(4) N(3)-C(19) 1.464(4) 
 N(3)-C(3) 1.359(4) N(4)-C(20) 1.465(4) 
 N(4)-C(4) 1.342(4) N(4)-C(24) 1.461(4) 
     
22 Pt(1)-Ni(1) 2.5312(10) N(1)-C(3) 1.476(3) 
 Ni(1)-N(3) 2.052(3) N(1)-C(7) 1.474(3) 
 N(3)-C(13) 1.345(3) N(2)-C(8) 1.476(3) 
 N(1)-C(1) 1.352(3) N(2)-C(12) 1.458(3) 
 N(2)-C(2) 1.349(4)   
     
23 Pt(1)-Zn(1) 2.6446(4) N(1)-C(5) 1.465(4) 
 Zn(1)-N(5) 2.077(3) N(1)-C(9) 1.460(4) 
 N(5)-C(25) 1.357(3) N(2)-C(10) 1.464(4) 
 N(5)-C(29) 1.341(4) N(2)-C(14) 1.470(4) 
 N(1)-C(1) 1.354(4) N(3)-C(15) 1.469(4) 
 N(2)-C(2) 1.348(3) N(3)-C(19) 1.472(4) 
 N(3)-C(3) 1.363(4) N(4)-C(20) 1.466(4) 
 N(4)-C(4) 1.348(4) N(4)-C(24) 1.466(4) 
     
24 Pt(1)-Mn(1) 2.6986(4) N(1)-C(5) 1.465(3) 
 Mn(1)-N(5) 2.197(2) N(1)-C(9) 1.465(3) 
 N(5)-C(20) 1.347(3) N(2)-C(10) 1.469(4) 
 N(5)-C(24) 1.339(3) N(2)-C(14) 1.477(3) 
 N(1)-C(1) 1.347(3) N(3)-C(15) 1.466(4) 
 N(2)-C(2) 1.356(3) N(3)-C(19) 1.469(3) 
 N(3)-C(3) 1.351(3) N(4)-C(25) 1.466(3) 
 N(4)-C(4) 1.346(3) N(4)-C(29) 1.461(3) 
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CHAPTER 6. Synthesis and Spectroscopic Investigation of [Cu(NH3)4][PtBr4], a Br 
Analogue of Millon’s Salt 
6.1. Introduction 
 Among the quasi-1D materials that have been investigated, the family of 
compounds related to Magnus’ green salt (MGS), {[Pt(NH3)4][PtCl4]}∞, is quite 
extensive.  MGS was first reported in 1828 by Heinrich Gustav Magnus as the result of 
the reaction between aqueous solutions of [Pt(NH3)4]
2+ and [PtCl4]
2-.202  It was not 
crystallographically characterized for over a century, until in 1957 Atoji and co-workers 
published the structure, revealing a quasi-1D architecture containing an infinite, strictly 
linear chain of Pt atoms separated by 3.25 Å.203  In the sixty years since, MGS has been 
very well investigated, including studies into its vibrational spectra,204-206 electronic 
structure,207,208 solid-state 15N-NMR spectrum,209 photocatalytic behavior,210 and 
electronic conductivity.211,212  In addition, many MGS derivatives have been examined 
including those that replace the ammines in the cation213-217 with primary amines and 
those that exchange the Cl atoms in the anion for other halogens.205,218 Magnus’ pink salt 
(MPS), a byproduct of the preparation of MGS comprising the same ions in a different 
arrangement, was first reported in 1908.219 To this date, no single-crystal X-ray 
diffraction study has been reported for MPS.  A recent report determined the structure of 
Magnus’ pink salt (MPS) (Figure 6.1) through the use of extensive solid-state NMR, X-
ray powder diffraction (pXRD), and X-ray absorption fine structure (EXAFS) studies,  
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Figure 6.1. Model of the structure of MPS as generated from a Rietveld refinement of 
pXRD data. Reproduced without permission from reference [220].  
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and showed that MPS is composed of [Pt(NH3)4]
2+ and [PtCl4]
2- units, in a 1:1 ratio but 
they are not arrayed in a 1D chain.220 
 In addition to MGS derivatives prepared by ligand substitutions, other derivatives 
have been prepared by substituting Pt with another metal.  One such pair of coordination 
isomers, in which one of the two Pt centers is replaced with Cu, are Millon’s salt, 
{[Cu(NH3)4][PtCl4]}∞, 25, and Becton’s salt, {[Pt(NH3)4][CuCl4]}∞.  These structures 
were first reported in 1960221 and were later refined in 1975.222 These two structures were 
found to be non-isomorphous, in contrast to what was previously thought.  Millon’s salt 
crystallizes as a MGS type quasi-1D chain, while Becton’s salt is held together by an 
infinite 2D-networks of [CuCl4]
2- units, with long Cl…Pt contacts. While much research 
has been devoted to understanding the properties of MGS, Millon’s salt has received only 
limited attention, despite its structural similarity and distinct paramagnetic character.  A 
1978 theoretical study determined the magnetic Cu g and A values223 and a 1992 
investigation of the thermolysis of Millon’s salt reported that heat caused ligand 
exchange between Pt and Cu to form Becton’s salt, before decomposition occurs at 
210°C.224 
 Hydrogen bonding interactions are known to stabilize or direct the structures of 
coordination polymers.  These interactions can act in various ways and have been used 
extensively in both organic225,226 and inorganic227-230 coordination polymers.  In some 
cases this is due to hydrogen bonding interactions that form a 3D network231 or 
 
 
 
 
 
 
 
 
193 
interactions with solvent.232-235  In MGS, hydrogen bonding contributes to stabilizing 
both the intra-chain quasi-1D structure and the inter-chain packing.207  MGS features 
intra-chain H…Cl contacts of 2.496 Å and inter-chain contacts of 2.407 Å and 2.968 Å, 
and DFT calculations have shown that the extensive hydrogen bonding is key (>10 kcal 
mol-1) in stabilizing the structure.207 The hydrogen bonding interactions in MGS are 
shown in Figure 6.2. In this chapter, the synthesis of a new Millon’s salt derivative, 
{[Cu(NH3)4][PtBr4]}∞, 26, is presented, along with thorough structural and spectroscopic 
analyses.  
  
Figure 6.2. (a) Structure of a single chain of MGS, displaying the intra-chain hydrogen 
bonding interactions. (b) A cross-section of the packing of MGS, showing the inter-chain 
hydrogen bonding.  Figure reproduced without permission from reference [207].  
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6.2. Experimental 
6.2.1. Materials and Methods 
 Potassium tetrachloroplatinate (K2PtCl4) was prepared from platinum metal by a 
series of published methods as described in Chapter 2.99-101 All other reagents were 
obtained commercially and used without further purification.  Diffuse Reflectance UV-
vis-NIR spectra were measured with a Shimadzu UV-3600 Spectrometer using a Harrick 
Praying Mantis attachment and were analyzed using the Kubelka-Munk 
transformation.102,103  Scanning electron microscopy (SEM) was performed using a Zeiss 
Supra 55VP Field Emission Scanning Electron Microscope and energy dispersive X-ray 
spectroscopy (EDS) was performed using the software EDAX. Samples were prepared 
for SEM and EDS by suspending the solids in acetone, transferring to a wafer of polished 
silicon, and allowing to dry in air overnight. Millon’s salt, {[Cu(NH3)4][PtCl4]}∞, 25, was 
prepared by the published method222 and the crystals were remade by a previous group 
member Dr. Frederick Baddour and solved by Prof. Arnie Rheingold. 
6.2.2. Synthesis of {[Cu(NH3)4][PtBr4]}∞, 26 
 A portion of K2PtCl4 (54.1 mg, 0.120 mmol) was dissolved in approximately 5 
mL H2O, followed by the addition of a large molar excess (90:1) of solid KBr (1.33 g, 
10.8 mmol).  The resulting mixture is stirred vigorously overnight and filtered, yielding a 
brown solution.  Separately, a portion of [Cu(NH3)4(OH2)n]SO4 (31.8 mg, 0.120 mmol) 
was dissolved in a mixture of 1 mL 30% NH3 solution and 2 mL H2O.  This blue solution 
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was slowly added to the previous brown solution over the course of 5 min, resulting in 
the immediate formation of red/brown crystals suitable for X-ray analysis.  The reaction 
mixture is stirred for 4 h, filtered over a fine frit, and dried in vacuo overnight, yielding 
48.9 mg (63.0%) of the desired product.  UV-vis-NIR (diffuse reflectance) (λmax (k/s)): 
271 (6.87), 423 (1), 520 (0.66). 
6.2.3. X-ray Crystallography 
X-Ray crystallography analysis of 26 was performed by Dr. Joseph Reibenspies at 
Texas A&M University. Single crystals of {[Cu(NH3)4][PtBr4]}∞, 26,  were obtained 
directly from the reaction mixture. A suitable crystal was selected and data were collected 
on a Bruker Micro-Source CMOS diffractometer. The crystal was kept at 100.0 K during 
data collection. Using Olex2,157 the structure was solved with the ShelXT158 structure 
solution program using Intrinsic Phasing and refined with the ShelXL236 refinement 
package using least-squares minimization. The collection parameters are included in 
Table 6.1. 
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6.3. Results and Discussion 
6.3.1. Synthesis and Structure 
 All attempts to synthesize analytically pure 26 by using commercially obtained 
K2PtBr4 were unsuccessful, due to a chlorine impurity revealed by EDS.  Instead, a large 
excess of KBr was used to prepare K2PtBr4 via complete ligand exchange from K2PtCl4.  
This technique had previously been reported in the literature.237 In addition, attempts to 
promote larger crystal growth by slow diffusion of the reactions were unsuccessful, 
perhaps due to ligand exchange occurring on the platinum center as an NH3 ligand 
replaced the Br ligand.  In this case, no crystalline material was obtained, but small 
amounts of a green solid could be recovered.  This is consistent with the formation of the 
MGS type analogue {[Pt(NH3)4][PtBr4]}∞. 
 Compounds 25 and 26 both crystallize as quasi-1D chains with an infinite array of 
Pt…Cu interactions.  The collection parameters are summarized in Table 6.1 and select 
bond distances and angles are collated in Table 6.2.  
 The [PtBr4]
2- unit of 26 contains a square planar arrangement of four 
crystallographically equivalent Br atoms, with a PtBr distance of 2.4402(8) Å.  Similarly, 
the N atoms of the [Cu(NH3)4]
2+ unit are equivalent, with a Cu-N distance of 2.006(7) Å.  
The units are separated by a Pt…Cu distance of 3.28710(15) Å.  The Br and NH3 ligands 
are slightly offset, with a N-Cu-Pt-Br torsion angle of 29.3(2)°. The 1D arrays pack 
together with all chains running in a single direction, and the nearest metal-metal contact 
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between chains is a 6.5908(1) Å Pt…Cu distance.  The crystal structure of 26 is displayed 
in Figure 6.3, and the packing of the chains is displayed in Figure 6.4. 
 The crystal structure of 25 is quite similar.  As expected, the Pt-Cl distance of 
2.3071(8) Å is shorter than the Pt-Br distance in 26, and the spacing between units is also 
smaller, with the chain connected by a Pt…Cu distance of 3.1854(5) Å.  The [Cu(NH3)4]
2+ 
unit is only slightly affected by the change from Br to Cl, with a slightly longer Cu-N 
distance of 2.014(3) Å.  Similarly, the torsion angle between the ligands is only slightly 
affected, with a N-Cu-Pt-Br torsion angle of 29.46(8)°. The torsion angle is most 
dependent on hydrogen bonding interactions, as discussed in the next paragraph, rather 
than the identity of the ligand on Pt. As in the case of 26, the four Cl and four N ligands 
are crystallographically equivalent.  The smaller size of Cl compared to Br allows the 
individual chains to pack together slightly closer, with an inter-chain Pt…Cu distance of 
6.3711(4) Å in 25 versus 6.5908(1) in 26. The crystal structure of 25 is shown in Figure 
6.5.  
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Figure 6.3. ORTEP of 26, displaying the infinite chain of Pt…Cu interactions.  Ellipsoids 
are drawn at the 50% level and H atoms are omitted for clarity. 
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Figure 6.4. ORTEP of 26, displaying the packing of individual chains.  In the right-hand 
chain, the identifications of the H atoms are shown.  
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Figure 6.5. ORTEP of 25, displaying the infinite chain of Pt…Cu interactions.  Ellipsoids 
are drawn at the 50% level and H atoms are omitted for clarity. 
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 Like MGS, both 25 and 26 contain significant hydrogen bonding interactions 
between the ammine H and halogen atoms.  Compound 26 features three unique H atoms 
with distinct hydrogen bonding interactions.  Two H atoms (H1a and H1c) from each 
NH3 ligand are engaged in intra-chain hydrogen bonding interactions above and below 
the {CuN4} plane, and the third H atom (H1b) lies closest to the {CuN4} plane and is 
engaged inter-chain hydrogen bonding.  The closest intra-chain contacts have H…Br 
distances of 2.6499(3) Å (H1a) and 2.7474(2) Å (H1c).  The interactions are distributed 
such that between each [Cu(NH3)4][PtBr4] unit there are two H1a and two H1c 
participating in hydrogen bonding.  The H atom engaged in inter-chain hydrogen 
bonding, H1b, has no close intra-chain contacts but a short inter-chain H…Br contact of 
2.7049(8) Å.  In contrast, H1a and H1c have closest inter-chain H…Br contacts of 
3.4578(8) Å and 3.0619(8) Å, respectively.  The H atom identifications can be seen in 
Figure 6.4 and the intra- and inter-chain hydrogen bonding interactions are shown in 
Figure 6.6. 
 The hydrogen bonding interactions in 25 are simpler, because there are only two 
unique H atoms.  Crystallographically, in 26 two H atoms are equivalent (H1a) and 
engage primarily in intra-chain interactions, while one (H1b) engages primarily in inter-
chain interactions.  As expected due to the higher electronegativity and smaller size of Cl 
when compared to Br, the interactions are slightly shorter in 25.  H1a has an intra-chain 
H…Cl distance of 2.5612(4) Å and its closest inter-chain contact is at 3.0587(8) Å.  H1b  
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Figure 6.6. ORTEPs of 26 displaying the intra-chain(left) and inter-chain(right) 
hydrogen bonding.  Only a single H atom per [Cu(NH3)4]
2+ fragment is included for 
clarity, and is drawn as a sphere.  The shorter interactions are shown in red and the longer 
contacts in green. 
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has the closest interaction in either compound with an inter-chain H…Cl contact of 
2.5187(8) Å, as well as another inter-chain contact of 3.1546(8) Å.  The hydrogen 
bonding of 25 is shown in Figure 6.7. 
 Hydrogen bonding interactions between metal halides and metal ammines are 
well established in the literature.  A search of the Cambridge Structural Database106-108 
unveils 194 compounds that contain hydrogen bonding between a metal ammine and a 
metal chloride, with H…Cl contacts ranging from 2.163-2.949 Å, with an average contact 
of 2.66(2) Å.  The shortest of these come from intramolecular hydrogen bonding 
interactions. Examples featuring Br, as in 26, are more rare, with only 17 examples.  The 
H…Br contacts range from 2.545-2.992 Å, with an average H…Br distance of 2.7(1) Å.  
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Figure 6.7. ORTEPs of 25 displaying the intra-chain(left) and inter-chain(right) 
hydrogen bonding.  Only a single H atom per [Cu(NH3)4]
2+ fragment is included for 
clarity, and is drawn as a sphere.  The shorter interactions are shown in red and the longer 
contacts in green. 
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6.3.2. SEM Imaging and EDS Spectroscopy 
 To ensure the homogeneity of the prepared material and determine crystal size, 
SEM imaging was performed on 26.  Selected SEM images are shown in Figure 6.8 and 
Figure 6.9.  Figure 6.8 has a wide view of the sample, displaying the uniform crystal 
morphology of the sample that has primarily precipitated as needle-shaped crystals with 
varying size between about 10 and 100 microns.  This homogeneity differs markedly 
from products made from commercially available K2PtBr4, which produced both 
microcrystalline needles and amorphous spherical particles. The crystal size can be seen 
in more detail in Figure 6.9.  This image shows the range of size in the precipitated 
crystals.  The smallest crystals are needles that shorter than 10 microns. Larger crystals 
form rods, which have the longest dimension greater than 50 microns. 
The composition of 26 was checked for the presence of Cl by EDS spectroscopy.  
Previous synthetic attempts using commercially available K2PtBr4 had been shown to 
contain significant amounts of Cl after reacting.  Although EDS can be used for 
quantitative composition analysis, it is intended for use in thin films and large, smooth 
solid materials.  Due to the empty space between crystals and uneven sample height, the 
appropriate use of EDS in this case is to confirm the presence/lack of specific elements.  
The EDS spectrum for 26 is shown in Figure 6.10, and contains no Cl. The Lα and Mα 
signals for Pt are well resolved at 9.44 and 2.05 keV, respectively, with a smaller satellite 
peak at 11.25 keV assigned as the Lβ signal.  Similarly, the peaks for Cu are well 
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resolved, with the Lα and Kα energies at 0.93 and 8.05 keV, and the small peak at 8.90 
assigned to the Kβ signal. The Br signals at 1.48, 11.92, and 13.29 keV are assigned as 
the Lα, Kα, and Kβ energies, respectively.  The Kα signal for N is not well resolved, due 
to the low atomic mass, but it is visible at 0.392 keV.  No other signals are detected, 
confirming the absence of detectable Cl.  The sole signal expected for Cl is at 2.62 keV, a 
Kα band, and is not observed.  
 
Figure 6.8. SEM image of 26, displaying distribution of crystal size and uniformity of 
shape. 
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Figure 6.9. SEM image of 26 at a higher magnification.  Needle-shaped crystals can be 
seen with the longest dimension ranging from less than 10 microns up to greater than 50 
microns.   
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Figure 6.10. EDS spectrum for 26.  The Br, Cu, and Pt signals are well resolved, and the 
N signal is reduced due to its lower atomic mass.  The absent Cl signal would be 
expected at 2.62 keV.  Data were collected up to 24 keV and no additional signals were 
seen.  
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6.3.3 Electronic Spectroscopy 
 Solid-state diffuse reflectance spectra were obtained for 25 and 26, as well as their 
precursor materials, and are displayed in Figures 6.11 and Figure 6.12.  Each compound 
shows two peaks in the visible range.  Substituting the Cl ligands in 25 for Br ligands in 
26 causes a bathochromic shift from 391 nm to 423 nm, which is assigned as a LMCT 
from the halogen ligands to Pt.  The broader feature around 550 nm is largely unchanged, 
and is assigned as a d-d transition on the Cu center.  These peaks in the visible range are 
also seen in the precursor materials, in contrast to MGS, in which the characteristic green 
color comes from a Pt…Pt interaction.220,238,239 The more intense peak in the UV range is 
tentatively assigned to additional LMCT features on the Pt center.  Due to greater atomic 
number of Br vs Cl and changes in orbital energies, the absorbances of 26 in the UV 
range are shifted to lower energies.  The peak locations are tabulated for all compounds, 
including the precursors, in Table 6.3.  Data was collected up to 2000 nm, and no 
additional signals were observed. 
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Figure 6.11. Diffuse reflectance spectra for 26 and its precursors from 200-1000 nm.  
The UV range is excluded from the inset for clarity. 
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Figure 6.12. Diffuse reflectance spectra for 25 and its precursors from 200-1000 nm.  
The UV range is excluded from the inset for clarity. 
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6.4. Conclusions 
 In summary, a new derivative of Millon’s salt, 26 ({[Cu(NH3)4][PtBr4]}∞),   has 
been prepared and characterized.  26 crystallizes with a quasi-1D architecture comprising 
an infinite chain of unbridged Pt…Cu interactions.  The formation of the infinite chain 
features the presence of significant inter- and intra-chain hydrogen bonding.  The 
structure is quite similar to the related compounds 25, Millon's salt, and Magnus’ Green 
Salt, {[Pt(NH3)4][PtCl4]}∞, which also form quasi-1D chains.  When compared to 25, the 
increased size of the Br ligands causes longer Pt-Br and Pt…Cu interactions. The 
homogeneity and purity of the bulk prepared material are confirmed by SEM imaging 
and EDS, respectively.  The electronic spectrum of 26 has been determined by diffuse 
reflectance and compared to the spectrum of 25.  As expected, electronic transitions with 
[PtBr4] and shifted to longer wavelengths than those with [PtCl4], while Cu-based 
transitions are shifted to slightly higher energies in both cases.  26 will be the subject of 
extensive computational investigation.  This compound and its differing properties from 
25 provide a useful test-bed for computational methods performed on 1D materials, and 
the existence of only a single unpaired electron per unit make this an ideal model for 
paramagnetic materials. 
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Table 6.1. Summary of X-ray crystallographic data collection parameters 
Compound 26 25 
Formula Br4CuH12N4Pt Cl4CuH12N4Pt 
Formula Weight 646.41 468.57 
Crystal System Tetragonal Tetragonal 
Space Group P4/mnc P4/mnc 
a, Å 9.3208(3) 9.0101(8) 
b, Å 9.3208(3) 9.0101(8) 
c, Å 6.5742(3) 6.3707(9) 
α, ° 90 90 
β, ° 90 90 
γ, ° 90 90 
V, Å3 571.15(5) 517.19(10) 
Z 2 2 
ρ(calcd), g cm-3 3.759 3.009 
μ, mm-1 40.889 16.543 
Temp, K 100 100(2) 
R(F), %a 2.71 1.44 
R(ωF2), %b 6.68 3.65 
a R = ∑||Fo| – |Fc||/∑|Fo| 
b
 R(ωF2) = {∑ [ω(Fo
2
 – Fc
2
)
2]}/{∑ [ω(Fo
2
)
2
]}
1/2; ω = 
1/[σ2(Fo
2
) + (aP)
2
 + bP] with a and b given in CIF, P = [2Fc
2
 + max(Fo,0)]/3 
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Table 6.2. Select interatomic distances and angles 
Compound  Distance (Å)  Angle (°) 
26 Pt(1)-Br(1) 2.4402(8) Br(1)-Pt(1)-Br(1)’ 90.0 
 Cu(1)-N(1) 2.006(7) Br(1)-Pt(1)-Br(1)” 180.0 
 Pt(1)-Cu(1) 3.28710(15) Br(1)-Pt(1)-Cu(1) 90.0 
   Pt(1)-Cu(1)-N(1) 90.0 
   N(1)-Cu(1)-N(1)’ 90.0 
   N(1)-Cu(1)-N(1)” 180.0 
   Cu(1)-Pt(1)-Cu(1) 180.0 
     
25 Pt(1)-Cl(1) 2.3071(8) Cl(1)-Pt(1)-Cl(1)’ 90.0 
 Cu(1)-N(1) 2.014(3) Cl(1)-Pt(1)-Cl(1)” 180.0 
 Pt(1)-Cu(1) 3.1854(5) Cl(1)-Pt(1)-Cu(1) 90.0 
   Pt(1)-Cu(1)-N(1) 90.0 
   N(1)-Cu(1)-N(1)’ 90.0 
   N(1)-Cu(1)-N(1)” 180.0 
   Cu(1)-Pt(1)-Cu(1) 180.0 
 
Table 6.3. Peak locations in diffuse reflectance spectra 
Compound Absorbances (, nm) 
 UV LMCT d-d 
26 273   423, 520 
25 223, 250   391, 533 
[Cu(NH3)4(OH2)]SO4 247   570 
K2PtCl4 219, 247  346, 389s 492 
[nBu4P]2[PtBr4] 244, 282  374s 435, 539 
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